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I Abbreviations

� AM additively-manufactured, additive manufacturing

� APS Advanced Photon Source

� COD crack opening displacement

� DCS Dynamic Compression Sector

� DIW direct ink write

� DMA dynamic mechanical analysis

� DSC di�erential scanning calorimetry

� EOS equation of state

� FCT face-centered tetragonal

� FEM �nite element modeling

� FOV �eld of view

� FWHM full width at half maximum

� HDPE high-density polyethylene

� HEL Hugoniot elastic limit

� HPCAT High Pressure Collaborative Access Team

� IMPULSE IMPact system for ULtrafast Synchrotron Experiments

� MDSC modulated di�erential scanning calorimetry

� MW molecular weight

� PCI phase contrast imaging

� PDMS polydimethylsiloxane

� PDV photon Doppler velocimetry

� PE polyethylene

� PMMA poly(methyl methacrylate)

� PZT lead-zirconate-titanate

� RCP Rapid Crack Propagation

� SANS small-angle neutron scattering

� SAXS small-angle X-ray scattering

� SC simple cubic

� SCG Slow Crack Growth

� TA technical area

� TGA thermogravimetric analysis

� USAXS ultrasmall-angle X-ray scattering
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II Executive Summary (Coe, Dattelbaum)

Future predictive models of materials response under extreme conditions will be increasingly phase-
and microstructure-aware. As such, model development and validation will require new types of
experimental data that probe responses at lattice-to-mesoscales in real time during dynamic events.
High brilliance X-ray light sources coupled to dynamic driver platforms o�er tremendous potential for
providing new insights into the physics of materials under dynamic conditions. Over the last several
years, data from burgeoning facilities are already challenging historical model assumptions in several
areas.

Polymers, foams, and polymer composites make up a class of low-Z materials used in a number
of applications of interest to the Department of Energy and NNSA. They are used as structural
supports, shock mitigating materials, and engineering components in nuclear weapons systems. In
the high energy density physics community, they are often used to shape laser-driven shockwaves in
ablator/wave shaping components. In the broader scienti�c community, this class of materials are
used extensively in automotive and aerospace applications in which they may be subjected to impact
conditions ranging from several 100s m/s to velocities in excess of 10 km/s.

Here, we summarize a body of work supported by DOE/NNSA Campaign 2 that has focused on
interrogating the dynamic response of polymers using X-rays at the Advanced Photon Source.

Early LANL work in this area pioneered the coupling of a light gas gun (IMPULSE) to the bunch
structure of the Advanced Photon Source (Jensen et al., AIP Advances 2012), and demonstration of
single pulse X-ray phase contrast imaging under dynamic compression (Luo et al., Rev. Sci. Instrum.
2012). These techniques were transitioned to the Dynamic Compression Sector (Sector 35) at the
Advanced Photon Source as it was commissioned between 2012-2016.

Examples are presented that span a range of physics related to polymers and polymer foams.
These include:

� Measurement of spall fracture using dynamic X-ray phase contrast imaging;

� Investigation of deformation and cracking under low velocity impact conditions;

� Measurement of shockwave dynamics and localization phenomena in additively manufactured
polymer lattice structures using X-ray phase contrast imaging;

� Interrogation of the lattice response of semi-crystalline polymers under shockwave compression
using time-resolved X-ray di�raction and scattering.

This report collates unpublished and recently published results in these areas. Notable accom-
plishments include the �rst application of X-ray PCI to time-resolved micron-scale measurement of
shockwave propagation through additively manufactured (AM) foams, and the �rst demonstration of
graded 
ow in functionally-graded AM lattices. The data obtained so far are driving a transformation
in understanding and modeling di�erent aspects of the dynamic response of polymers. For example,
in situ X-ray phase contrast imaging has revealed localization behaviors in the shockwave coupling
to periodic structures that simply cannot be obtained with traditional methods. X-ray di�raction is
being applied to quantify solid-solid, solid-liquid, and solid-product transitions for simple and widely-
used polymers under shockwave loading. These transitions are just starting to be incorporated into
multi-phase equation of state descriptions for polymers.

II.A Additively manufactured polymer structures
The maturation of additive manufacturing techniques is now allowing for exquisite control of struc-
tural topology in a variety of materials, including refractory metals, polymer foams, composites, and
energetic materials. The control of structure at the mesoscale provides an ability to tailor deforma-
tion responses, and has been widely applied to create mechanical \metamaterials." Examples include
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Figure 1:

porous polymer structures with unprecedented strength-to-weight ratios, negative Poisson ratios, and
tunable electromagnetic responses. This class of materials has been studied to a lesser extent under
dynamic loading conditions at strain rates exceeding 103 s�1. Development of the guiding princi-
ples and structural topological optimization approaches for polymer AM structures towards desired
dynamic responses will be transformational for the design and fabrication of porous components.

II.B Dynamic Compression Sector at the Advanced Photon Source
A central theme for the DOE/NNSA Science Campaigns and national security interests is the scienti�c
need to examine microscopic, time-dependent changes in materials at extreme conditions. Experiments
are needed that can provide information on the growth of new phases, observe defect nucleation and
growth, study the compaction process in granular or porous materials, or observe the response of
additively manufactured materials. The newly commissioned Dynamic Compression Sector (DCS) at
Argonne National Laboratory pairs dynamic compression platforms with a dedicated X-ray beam line
at Argonne’s Advanced Photon Source (APS).

The Dynamic Compression Sector (DCS, Sector 35) provides X-ray diagnostics such as X-ray
di�raction, X-ray phase contrast imaging, and small angle X-ray scattering to obtain in-situ, real-time
data that directly access atomistic to mesoscale length scales. These are combined with traditional
continuum-level diagnostics such as velocimetry. Such data will help explain the dynamic processes
governing the response of materials at extreme conditions. The �rst multi-frame X-ray measurements
coupling a synchrotron with dynamic compression conditions were performed at the DCS.

There are several impact facilities with gas and powder guns central to DCS capabilities. These
tools are capable of reaching impact velocities up to 5.5 km/s, and include a 100-Joule, 351 nm
wavelength laser with temporal pulse shaping capabilities that will provide peak stresses above 350
GPa. DCS also has an experimental hutch dedicated to more prototypical or special experimental
campaigns. This hutch includes detonation vessels, Hopkinson bar, and mobile gas guns. A full suite
of traditional shock wave diagnostics supports X-ray measurements.

Dana Dattelbaum, Campaign 2 Program Manager (danadat@lanl.gov)
Joshua Coe, Campaign 2 Project Leader (jcoe@lanl.gov)
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III Impact of Filler Composition on Mechanical Response of
Filled Silicone Elastomers (Talley, Branch, Dattelbaum,
Lee)

III.A Abstract
Cellular silicones reinforced with silica �ller and prepared using additive manufacturing (AM) have
been used widely for vibrational damping and shockwave mitigation. The two most commonly printed
cellular silicone structures { simple cubic (SC) and face-centered tetragonal (FCT) { display distinctly
di�erent static and dynamic mechanical responses. In this work, the relationship of �ller size and
composition with mechanical response is investigated using polydimethylsiloxane-based silicones �lled
with aluminum oxide (alumina, Al2O3), graphite, or titanium dioxide (titania, TiO2). SC and FCT
structures of porous, periodic silicone pads were printed using new DIW resin formulations containing
up to 25 wt.% of functional �ller. All AM pads were characterized using chemical, thermal (TGA,
DSC), and mechanical techniques (DMA, compression). Dynamic compression experiments coupled
with time-resolved X-ray imaging were performed to obtain insights into the role of �ller interactions
in the in situ evolution of shockwave coupling in these functional, periodic, and porous polymers.

III.B Introduction
Polymer-based cellular solids, or foams, are an important class of material used for thermal insulation,
weight reduction, vibrational damping, shockwave mitigation, and acoustic attenuation [1{3]. Due to
these desirable material properties, cellular solids are applied broadly across many industries including
aerospace, packaging, automotive, biomedical, and defense [4,5]. Cellular solids fall into two structural
categories: (1) stochastic foams, which have heterogeneous microstructures, consist of voids with
signi�cant polydispersity in pore size and shape; or (2) periodic cellular solids, such as 3-dimensional
(3-D) printed lattice structures [6]. Due to the reduced microstructural control inherent in stochastic
foam fabrication processes, it is di�cult to predict long-term material properties related to their
micro-and macro-structure [3]. Additionally, the large dispersity of structural feature size and shape in
stochastic foams makes it particularly challenging to control the deformation mechanisms at the micro-
and mesoscale, which contribute to the continuum-level properties of the material. In a materials-
by-design, AM approach, cellular solids are constructed layer-by-layer through 3-D printing based on
direct ink write (DIW). DIW has been shown to produce cellular solids with high structural precision
as an alternative to stochastic foams [7]. Due to the microstructural control inherent in DIW, 3D
printed cellular solids show superior long-term mechanical performance as compared to stochastic
foams [3]. Additionally, previous work has demonstrated that FCT DIW pads more e�ectively mitigate
shockwaves than SC DIW pads or stochastic foams for composition-matched cellular silicones [2].

Polydimethylsiloxane (PDMS) and other silicone-based elastomers are commonly used as the base
material for applications requiring 
exible, compressive cellular solids [8, 9]. The relatively weak
polymer network in silicones is often reinforced by �llers, typically silica. Properties of �lled silicones
are then easily modulated by replacing some of the reinforcing silica �ller with a functional �ller.
Examples of this range from conductive, carbon- or metal-�lled silicones for conductive elastomers [10],
metal oxide-�lled silcones for dielectric elastomers [11], and piezoelectric elastomers �lled with lead
zirconate titanate (PZT) [12], to name a few. The reinforcing e�ectiveness of the �ller depends
primarily on its particle size, shape, and �ller-polymer interactions. In this work, SC and FCT
cellular silicones with three di�erent �llers were prepared using DIW techniques. The selected �llers,
graphite, titanium dioxide, and aluminum oxide, are of interest regarding silicone elastomer sensor
applications. Mechanical properties of �lled cellular silicones were evaluated using static and dynamic
techniques to determine the impact of �ller identity on both static and dynamic mechanical response.
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III.C Experimental

III.C.1 Material Preparation

A thermosetting, shear-thinning yield-stress resin that holds its shape during the printing and curing
processes was formulated speci�cally for use in the DIW process [13]. The ink contained PDMS with
vinyl moieties at the end of the polymer chain, hydride functional PDMS copolymer, and a siloxane
monomer (retardant) to better control the pot-life of the ink (all from Gelest). The cross-linking
of printed DIW pads occurred via an addition reaction in the presence of Pt catalyst. In order to
prevent the uncured resin from 
owing under its own weight during the 3-D printing, 10 wt% of
fumed silica (A-300 and OX-50 from Evonik Industries) was added to the resin. Graphite (Sigma-
Aldrich), TiO2 (Evonik Industries), Al2O3 (Evonik Industries) were incorporated at concentrations of
15, 20, or 25 wt.%. Fumed silica, graphite, TiO2, and Al2O3 were incorporated into the uncured resin
using a Thinky planetary mixer. The pressurizing dispenser system (Ultimus V Model High Precision
Dispenser, Nordson) was attached to the syringe barrel and programmed to a printing speed of 10-30
mm/s. In order to have the size of the micronozzle diameter the same as the patterned features,
the ink volumetric 
ow rate was matched using an UltimusTM V engineered 
uid dispenser (EFD,
Nordson) to the substrate translation speed of the 3-D printer (SYSTEM 30M, Hyrel 3D). The EFD
provides a constant pressure drop to the syringe �lled with uncured resin, which is mounted on the
z-axis of the building platform. Each 3-D structure contained seven layers organized either in SC
or FCT con�gurations [8]; pads were printed on a glass plate with a 250 m micronozzle. Once the
printing process was completed, the pad was cured in an oven at 150°C for 10 min and removed from
the glass substrate using a razor blade.

III.C.2 Rheology

Rheological measurements were conducted using a Discovery Hybrid Rheometer-2, TA Instruments
rheometer with parallel plate �xtures 25 mm in diameter. The frequency sweeps were performed in
the range from 0.01 to 600 rad/s at a �xed strain of 4.0% at 25°C. These tests were always conducted
in the linear viscoelastic regime, as con�rmed by an independent strain sweep test. The stress sweeps
were performed in the range from 10 to 6,500 Pa at a �xed angular frequency of 10 rad/s for each
measurement.

III.C.3 Optical microscopy

Representative top and cross-section pictures of control and irradiated samples were obtained using
a confocal microscope (Keyence VHX-6000) at 200� magni�cation. Dimensions of the strands were
measured using the Keyence analysis software.

III.C.4 X-ray scattering

Ultra small, small, and wide angle X-ray scattering (USAXS/SAXS/WAXS) measurements were con-
ducted at beam line 9-ID-C at the Advanced Photon Source (APS) at Argonne National Laboratory
(Lemont, Illinois) [14, 15]. SAXS and WAXS pro�les were reduced using the Nika program for Igor
Pro [16]. The Irena program for Igor Pro was used to reduce USAXS pro�les and merge same-specimen
USAXS SAXS and WAXS pro�les [17].

III.C.5 Mechanical testing

Uniaxial compression tests were performed using an ADMET eXpert 7601 testing system. Samples
of dimension 2 cm � 2 cm were compressed for 4 cycles to a maximum stress of 1.2 MPa at a strain
rate of 0.5%/sec. To minimize Mullins e�ects, data from the 4th cycle are reported in this work.
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III.C.6 Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) was performed in compression mode with a TA Instruments
Q800 Dynamic Mechanical Analyzer, using 15-mm compression plates at ambient temperature (�23°C).
Oscillatory strain sweeps at a frequency of 1 Hz were conducted to determine the linear viscoelastic
regime for each sample. Subsequently, oscillatory frequency sweeps from 1-200 Hz were performed at
strains within this regime; three cycles of each frequency sweep con�rmed reproducibility.

III.C.7 Dynamic compression

SC and FCT lattices modulate shockwave behavior through �lament orientation and symmetry [2], and
their dynamic response has been contrasted with stochastic foams of similar density [18]. In this work,
we investigate the e�ect of functional �ller on shockwave dynamics. Dynamic compression experiments
were conducted on a 13 mm bore single stage gas gun coupled to X-ray phase contrast imaging
diagnostics at the Dynamic Compression (DCS) sector of the APS. First, the two-layer symmetries
were printed for each respective ink and the print integrity of the micro-lattice was characterized by X-
ray computed tomography using a Carl Zeiss X-ray Microscopy Inc. (Pleasanton, CA), Xradia Micro-
CT with 1601 radiographs at 4 second exposure time as the sample was rotated 360°. The radiographs
were then reconstructed (Figure 2) using a TXM reconstructor (Carl Zeiss X-ray Microscopy Inc.) and
rendered using Avizo 9.0.1 (FEI Visualization Sciences Group, Burlington, MA). Foam targets (� 1.5
mm � 6 mm � 6mm) were prepared by a�xing a 1 mm thick 6061 Al alloy impact plate on the front
surface of the foam and a PMMA window (3 mm � 6mm � 6 mm) with a 0.8 Al mirror deposited
on the back foam/ PMMA interface. Photonic Doppler velocimetry (PDV) collimated probes (AC
Photonics) were used to measure the incoming projectile velocity (u0), shock breakout into the foam
at the Al impact plate/foam interface, and the wave pro�le at shock breakout at the foam/PMMA
window interface. A piezoelectric impact pin (Dynasen, Inc.) was used to synchronize the impact
event, the incident X-ray beam, and the detectors. In-situ X-ray phase contrast imaging (PCI) [19,20]
was used to image the shockwave propagating through the foam. The experimental design allowed
direct measurement of the particle velocity by PCI through the position of the Al impact plate versus
time and the shockwave velocity versus time. Our previous report provides more detail regarding
application of this approach, the experimental setup, and analysis of data [2]. Impact experiments
were timed to the 24-bunch mode X-ray pulse at the Advanced Photon Source with impact velocities
of nominally u0 � 0:7 km/s.

III.D Results and Discussion
Printability in DIW is determined primarily by ink homogeneity and viscoelasticity. A homogeneous
ink is less likely to obstruct the microscale nozzle of the printer, and viscoelastic properties dictate

ow characteristics. For instance, the ink must be a shear-thinning, yield stress 
uid that 
ows
out of the printing nozzle only when a particular pressure is applied. When the elastic (or storage)
modulus G0 exceeds the viscous (or loss) modulus G00 (which is related to 
ow), the ink exhibits a
network-like structure, and therefore a yield stress (�y). The ink will 
ow like a liquid when subjected
to forces above the yield stress, which can be determined by oscillatory shear rheology. One of the
most common methods used to identify the yield stress of network-like mixtures is to identify the
shear stress value at which the loss modulus crosses the storage modulus, indicating the stress at
which material becomes more liquid-like [21]. The most commonly reported silicone ink used in DIW
is based on Dow Corning SE1700, which is a two-part, heat-cured polydimethylsiloxane elastomer
consisting of a gel resin and a platinum catalyst. SE1700 has desirable rheological properties for DIW
applications, given its shear-thinning behavior described previously [22]. At room temperature, the
�lled polysiloxane-based inks developed in this work exhibits the desired shear-thinning yield stress
for DIW printing, as shown in Figure 3.

The �lled inks reported had yield stresses of 1114, 1194, and 2396 Pa for TiO2, Graphite, and
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Figure 2: X-ray computed tomograms of simple cubic and face-centered tetragonal micro-lattice struc-
tures for the three di�erent feedstock materials.

Al2O3 �llers, values which are well-suited to the pneumatic syringe system in DIW. TiO2-�lled ink
exhibited the lowest yield stress of �y � 1114 Pa. All inks displayed a G0 > 105 Pa, such that printed
structures should not sag or deform prior to curing at high temperature. The rubbery plateau region
observed in Figure 3 is indicative of the physical cross-links between the �llers and polysiloxane; inks
without reinforcing silica in addition to the functional �ller do not form similarly e�ective physical
networks, and thus are not printable. The shear thinning around the crossover point is due to the
alteration of network-like structure promoted by the silica �ller [23{26]. All inks were printed using
a 250 �m nozzle and thermally cured post-print; the resulting silicone printed pads are shown in
Figure 4. These pads exhibit a regular 3D structure with uniform strands (�5 �m diameter) and
consecutive layers did not bend or sag.

USAXS/SAXS experiments were performed on SC DIW pads with each of the functional �llers, and
the resultant scattering pro�les for are displayed in Figure 5. The scattering pro�le of the alumina-
�lled pad includes three main features: (1) a USAXS Guinier knee near 0.002 �A�1, (2) a second
SAXS Guinier knee near 0.03 �A�1, and (3) WAXD Bragg re
ections at q > 0:6 �A�1, indicative of the
semicrystalline nature of the polymer matrix and crystalline �ller materials. Similarly, the titania-
�lled pad also exhibits three scattering features: (1) a USAXS feature at 0.003 �A�1, (2) a SAXS
feature at 0.02 �A�1, (3) and WAXD re
ections at q > 0:6 �A�1. The graphite-�lled pad has only a
single SAXS feature around 0.03 �A�1, in addition to WAXD re
ections at q > 0:6 �A�1. To extract
quantitative dimensions associated with the scattering features of the aerogels, the USAXS/SAXS data
were analyzed using the Uni�ed Fit model derived by Beaucage [27]. Each �ller produces a scattering
feature in the SAXS region around 0.02-0.03 �A�1, indicative of the primary particle size. Using data
obtained from the uni�ed �t model, the primary particle sizes (radii) were determined to be 6.4�0.1
nm for aluminum oxide, 12.3�0.2 nm for titanium dioxide, and 10�1 nm for graphite. In the case of
graphite, this particle size is consistent with previous work regarding graphite-�lled rubbers in which
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Figure 3: The relationship between storage modulus (G0, �lled circles), loss modulus (G00, un�lled
triangles) and oscillatory stress of PDMS-based inks �lled with 25 wt.% of either aluminum oxide
(red), graphite (blue), or titanium dioxide (black).

Figure 4: Optical images of DIW printed pads containing 25 wt.% graphite (a,d), 25 wt.% tita-
nium dioxide (b,e), and 25 wt.% aluminum oxide (c,f). Pads are printed in SC (a-c) and FCT (d-f)
structures.
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Figure 5: USAXS/SAXS pro�les of DIW printed pads containing 25 wt.% either of aluminum oxide
(red), titanium dioxide (blue), or graphite (black). Pads are printed in SC structures.

the primary particle radius was on the order of 13 nm, and aggregated into agglomerates on the order
of 10 �m [28] Due to excess scattering at low q, it is reasonable to conclude that the primary particles
observed in the SAXS region in Figure 5 aggregate into larger agglomerates which are too large to
probe using X-ray scattering (Figure 6). Real-space imaging techniques such as TEM are necessary to
quantify the agglomerate size, and thus the e�ective particle size of the graphite �ller. Similarly, the
aluminum oxide and titanium dioxide pro�les display scattering due to the primary particle size in the
SAXS region, but also capture the aggregate size in the USAXS region. Using the uni�ed �t model,
the radius of the aggregate of primary particles of aluminum oxide was determined to be 98�1 nm,
and the aggregate of primary particles of titanium dioxide was determined to be 48�2 nm. Both of
the scattering pro�les of aluminum oxide and titanium dioxide exhibit excess scattering, characterized
by a sharp upturn in intensity at low q, which suggests that the �100 nm and �50 nm aggregates
most likely aggregate into much large agglomerates on a real-space size scale, as shown in Figure 6,
too large to probe with USAXS. Similar to the case of graphite, the size of these agglomerates will
need to be probed using a technique such as TEM.

Mechanical tests were performed to determine the e�ects of �ller size and composition on com-
pressive response. Tests were conducted at room temperature under compressive load using a 1 kN
load cell. Results of cyclic loading are shown in Figure 7. Based on the nonlinear shape of the stress-
strain curves, the elastic regime of the bulk material is exceeded by the compressive loading used in
the mechanical testing such that at �50% strain the AM structure collapses and the pad responds
similarly to a monolith of identical composition. As shown in Figure 7, aluminum oxide-�lled PDMS
elastomer pads exhibit the highest sti�ness, whereas titanium dioxide-�lled PDMS pads show the low-
est sti�ness. This trend in sti�ness is conserved across both print structures, SC and FCT, suggesting
that sti�ness is primarily determined by interactions between �ller and polymer when other network
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Figure 6: Schematic representation of hierarchical �ller structure in �lled DIW pads.

factors are controlled for. The SC pads are generally sti�er than the FCT pads due to the alignment
of intersectional nodes, creating higher density domains than the staggered FCT structure. It is also
interesting to note that �ller-polymer interactions determine the extent of the discrepancy in sti�ness
between SC and FCT analogues, with titanium dioxide-�lled pads and aluminum oxide-�lled pads
exhibiting the smallest and largest di�erences, respectively.

As shown in Figure 8, all of the lattice materials exhibit a linear viscoelastic regime from approx-
imately 1% strain up to the maximum strain that could be applied (approximately 2-8%, depending
primarily on �ller material and somewhat on lattice structure; see Table 2) with the 18-N load cell
of the DMA. The storage modulus is roughly an order of magnitude larger than the loss modulus for
each material across the entire linear viscoelastic region (Figure 8). Young’s modulus, extracted from
the stress-strain data shown in Figure 8b, ranges from 0.2-1.3 MPa, again depending on �ller material
and lattice structure (Table 2). Figure 8 shows the frequency sweep data obtained for aluminum
oxide-�lled FCT pads (Al25-FCT) at three di�erent strains within the linear viscoelastic region; sim-
ilar curves were obtained for each of the other materials. Each material exhibited a peak in the loss
modulus and a dip in the storage modulus at a given frequency, regardless of the applied strain.
Because storage and loss moduli can be expressed as

G0 =
�0

�0
cos � (1)

and
G00 =

�0

�0
sin �; (2)

their ratio often is expressed as

tan � =
G00

G0
; (3)

where � represents the phase lag between stress and strain. The combination of peak in G00 and dip in
G0 yields a peak in tan �, as shown in Figure 9b for Al25-FCT. The location of this peak varied from
50-90 Hz, depending on �ller material and lattice structure, as shown in Table 2 and in Figure 10.
The peak represents a resonance frequency for the lattices that can be tuned with composition and
lattice structure.

Figure 11 shows dynamic phase contrast images of the incoming shockwave in the graphite-�lled
PDMS elastomer (propagation direction from left to right) at impact velocities of u0 � 0:7 km/s
for both lattice structures. The initial shockwave couples to the periodicity of the SC structure
(Figure 11a), resulting in consolidation of the �lament material between the struts and subsequent
extrusion into the interstitial spaces of the lattice. The staggered layer symmetry of the FCT struc-
ture (Figure 11b) impedes consolidation of material for jetting. The shockwave behavior of the PDMS
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Figure 7: Engineering stress as a function of engineering strain for (a) SC and (b) FCT DIW pads at
room temperature. Pads are �lled with 25 wt.% aluminum oxide (red), 25 wt.% graphite (blue), and
25 wt.% titanium dioxide (black). Data are reported from the 4th cycle in order to minimize Mullins
e�ects.

Table 1: Mechanical properties obtained from dynamic mechanical analysis. Structures are labeled
as simple cubic (SC) or face-centered tetragonal (FCT).

Sample Maximum strain applied Young’s modulus Peak in tan �
(%) (MPa) (Hz)

25 wt% Al2O3 (Al25-SC) 2.1 1.7 85-90
25 wt% Al2O3 (Al25-FCT) 2.5 1.3 75-80
25 wt% graphite (G25-SC) 4.1 0.8 60-65

25 wt% graphite (G25-FCT) 4.1 0.8 55-60
25 wt% TiO2 (Ti25-SC) 4.9 0.2 55

25 wt% TiO2 (Ti25-FCT) 7.4 0.4 50-55
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Figure 8: (a) Storage and loss moduli at low compressive strains; (b) Stress-strain plots used to
calculate Young’s modulus at low compressive strains.

Figure 9: (a) Storage and loss moduli and (b) tan � at low compressive strains as a function of
oscillatory frequency.
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Figure 10: Comparison of the peak in tan � at low compressive strains as a function of oscillatory
frequency for (a) SC samples and (b) FCT samples. Compressive strain values correspond to the
maximum strain applied, as listed in Table 2.

elastomer foams studied here was similar to that of silica �lled foams reported previously [2]. Table 2
summarizes the shock states measured in the respective PDMS elastomers for the two foam architec-
tures at nearly matching impact velocities. The shock properties of PDMS elastomer architectures
depend on the mechanical behavior as a result of the inclusions within the �lament. Comparing the jet
velocity, as evident from the shock arrival times measured by PDV at the PMMA window interface,
jet propagation for the Al2O3-�lled elastomer was slow compared to graphite and TiO2. We attribute
this to the compressive nature of the foam, since upon shock compression the more ductile behavior
of TiO2 allows for more localization, resulting in higher rates of deformation and increased jet veloc-
ities compared to graphite and Al2O3. Similar conclusions can be made for the shock velocity, with
the Al2O3-�lled architecture propagating faster due to the sti�er mechanical response, accelerating
the shockwave. We observed a similar dependence in the FCT architecture, where the shock speed
propagated at 0.803�0.016 km/s for the sti�er Al2O3 lattice foam compared to 0.704�0.020 km/s
and 0.670�0.037 km/s for the increasingly ductile graphite and TiO2 �lled foams, respectively.

The more pronounced deformation in TiO2 can be seen in the PCI images in Figure 12, where
higher density contours are evident (indicated by arrows) ahead of the compaction wave. Material
from the impacted �lament extrudes around the subsequent �lament, as indicated by the two distinct
protrusions (red circle). This behavior was seen in our previous studies [2] as the shockwave impacted
the �rst strut nearest to the baseplate. Figure 13 shows images for each elastomer as the jet initially
forms and propagates through the interstitial space of the lattice, where times are with respect to
impact. In the graphite-�lled foam, the two protrusions (Figure 12b) propagate as the shockwave
develops into a single jet (Figure 13e). This di�erence in wave shape may be a result of the lower
yield stress of the graphite-�lled ink, as shown by rheology tests, and the low interaction energy
between the graphite and PDMS polymer. The yield stress of the graphite �lled elastomer was 1194
Pa, compared to 2396 Pa for the Al2O3.
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Figure 11: X-ray phase contrast images of the graphite PDMS elastomer under shock compression.
Material jetting occurs in the simple cubic (A), but is thwarted in the face-centered tetragonal (B)
micro-lattice structure.

Figure 12: X-ray phase contrast images of shock propagation in Al2O3-, graphite-, and TiO2-�lled
PDMS elastomers having the simple cubic (top) and face-centered tetragonal (bottom) architectures.
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Figure 13: X-ray phase contrast images of jet propagation in simple cubic architectures of Al2O3-,
graphite-, and TiO2-�lled PDMS elastomers. The time in each frame is given with respect to impact.

III.E Conclusions
Three-dimensional printed PDMS-based composite pads containing three di�erent �llers, Al2O3,
graphite, and TiO2, were prepared to investigate the e�ect of �ller on mechanical response. DIW
resins contained 25 wt.% �ller (Al2O3, graphite, or TiO2) and displayed distinctly di�erent rheolog-
ical properties prior to curing. The TiO2-�lled resin exhibited the highest elastic modulus (G0) and
the lowest yield stress. Conversely, the Al2O3-�lled resin exhibited the lowest elastic modulus and the
highest yield stress. These rheological properties are directly related to polymer-�ller interactions at
the polymer-�ller interface, which is highly dependent on the e�ective surface area of dispersed aggre-
gates and agglomerates of �ller particles within the matrix. Scattering data suggests that although
each �ller had similarly-sized primary particles, such particles aggregated and agglomerated into struc-
tures too large for scattering techniques. Future work will utilize TEM to quantify �ller aggregate
and agglomerate size in the PDMS matrix. As expected, the sti�ness of the printed pads appeared
to be �ller-dependent in a manner corresponding directly with resin rheology: Al2O3-�lled resins had
the highest yield stress and Al2O3-�lled pads were the sti�est. The relationship between resin yield
stress and printed pad sti�ness is conserved for graphite and TiO2 �lled materials as well. Shock
experiments corroborated compression tests and DMA results. Al2O3-�lled SC pads displayed the
slowest jet propagation velocity, followed by graphite-�lled and then TiO2-�lled SC pads. TiO2 �lled
pads are more ductile, resulting in higher rates of deformation and increased jet velocities compared
to graphite and Al2O3. Similar conclusions can be made for the shock velocity, with the Al2O3-�lled
architecture propagating faster due to the sti�er mechanical response resulting in acceleration of the
shockwave.
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IV Thermal Analysis (Welch, Van Buskirk, Torres)

IV.A Introduction
Speci�c heat measurements for four AM silicone lattice samples (see Section III) were conducted in the
temperature range of -60°C to 120°C. These samples were composed of copolymers of dimethylsiloxane
and diphenylsiloxane, along with various �ller materials.

Speci�c heat (Cp) is the amount of heat required to raise the temperature of a given mass of
material (e.g., 1 gram) by a given amount (e.g., 1 °C). For polymers, this value is directly related
to molecular mobility, re
ecting their ability to absorb heat through molecular motions such as bond
vibrations, rotations, and translations. Conventional di�erential scanning calorimetry (DSC) experi-
ments do not measure speci�c heat directly, but permit its estimation via

Cp = K
qs � qmt

msR
: (4)

K is a calibration constant, qs and qmt are (respectively) di�erential heat 
ows for the sample and
(empty) reference pans, ms is the mass of the sample, and R is the heating rate.

Eq. (4) is an approximation because it ignores the di�erence in heating rate between the sample
and the reference pans. This di�erence is caused by the slowly changing speci�c heat of the sample,
and it limits the theoretical accuracy of the measurement to 3%. However, in practice, accuracies of
only �10% are commonly achieved because of the di�culty in maintaining a highly stable baseline
throughout the three experiments per sample (baseline, sapphire standard, and sample) that are
required with this approach [29].

In contrast, modulated di�erential scanning calorimetry (MDSC) can yield speci�c heat values
with one experiment, and the accuracy can be improved to �2% [30]. MDSC di�ers from conven-
tional DSC in that MDSC uses two simultaneous heating rates: the conventional linear ramp and a
modulated sinusoidal ramp. The data obtained from the linear ramp provide information similar to
that from standard DSC, while the modulated heating rate permits the simultaneous measurement of
the sample’s speci�c heat. Thus, MDSC is a direct measurement of speci�c heat and is described by
Eq. (5):

Cp = K
q2 � q1

( _q2 � _q1)ms
; (5)

where _q1 and _q2 are the two simultaneously applied heating rates, q1 is the di�erential heat 
ow of
the sample at _q1, and q2 is the di�erential heat 
ow of the sample at _q2. We used MDSC to measure
the heat capacities of the four AM silicone samples.

IV.B Experimental

IV.B.1 Materials

The compositions of the four AM silicone lattices are given in Table 3.

IV.B.2 Facilities and Experimental Setup

All experiments were conducted at Technical Area 35, Buildings 213 and 002 by the Engineered
Materials Group (MST-7). Before the MDSC experiments (i.e., speci�c heat measurements) were
conducted, thermal stability was tested through thermogravimetric analyses (TGA) using a TA In-
struments Q500 at ramp rates of 5°C/min up to 600°C. Non-modulated DSC experiments (with a TA
Instruments Q2000 and a ramp rate of 10°C/min in a nitrogen atmosphere) were also performed to
probe for any thermal transitions in the range of -60°C to 120°C.

MDSC experiments were performed on a TA Instruments Q2000 MDSC under a nitrogen atmo-
sphere with high-sensitivity aluminum pans. Temperature was controlled with a refrigerated cooling
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Table 3: Descriptions of AM silicone lattice compositions.
Sample Name Composition (wt%)
BF1-OX50-5 PDMS-based copolymer (65)

low-surface-area silica (35)
BF1-A300-5 PDMS-based copolymer (65)

low-surface-area silica (30)
high-surface-area silica (5)

BF1-Ti-5 PDMS-based copolymer (65)
low-surface-area silica (30)

titanium dioxide (5)
BF1-C-6 PDMS-based copolymer (65)

low-surface-area silica (30)
carbon powder (5)

system. Obtaining accurate heat-capacity values requires optimization of sample size, heating rate,
modulation heating rate, and period of modulation. An American Society for Testing and Materials
(ASTM) [30] method and two TA [31,32] technical papers were followed to optimize the heat-capacity
testing procedure and thereby obtain accurate measurements. For each measurement, a portion of the
sample (typically �2-5 mg, see Table 4) was encapsulated in an aluminum Tzerofi high-sensitivity
pan (approximate dimensions: 5.4-mm diameter � 2.0-mm height). Three specimens of each sample
were tested to obtain the standard deviation.

Each AM silicone specimen was tested over two overlapping temperature ranges (-60°C to 0°C and
-40°C to 120°C). For each temperature range, the following steps were performed for each sample:

1. Equilibrate at the initial temperature.

2. Hold isothermally for 5 min.

3. Modulate the temperature at a rate of �0.95°C every 120 s.

4. Ramp at a rate of 3°C/min to the �nal temperature.

The instrument was calibrated using standard methods. Before each set of three MDSC sample runs, a
sapphire standard was run under the same experimental conditions. The sapphire data were compared
to literature values [32, 33] to create multi-point calibration curves for reversible speci�c heat, with
calibration values calculated at every temperature data point collected. The sample data curves were
then corrected using these calibration curves.

IV.C Results

IV.C.1 Thermogravimetric Analysis

Figure 14 and Table 5 give the TGA results for the AM silicone samples. From 25-600°C, all of the
samples underwent total weight losses of 15-17%. This weight loss occurred in two steps, with the �rst
onset slightly above 100°C and the second near 340°C. The two samples containing non-silica �llers
(BF1-Ti-5 and BF1-C-6) exhibited slightly earlier onsets to the �rst weight loss than the samples
�lled solely with silica (see Figure 14b). Figure 14a and 14c demonstrate that the �rst weight loss was
rather broad and likely due to multiple degradation products, as indicated by the multiple features
associated with this peak in Figure 14c.
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Figure 14: (a) Thermal stability of AM silicone samples from 25-600°C. (b) Enlarged region of (a),
focusing on the �rst mass loss. (c) Derivative weight %/°C for each sample.
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Table 4: Descriptions of AM silicone specimens used for speci�c heat analysis.
Sample Name Mass (mg)
BF1-OX50-5-A 4.43
BF1-OX50-5-B 4.04
BF1-OX50-5-C 3.84
BF1-A300-5-A 2.79
BF1-A300-5-B 2.32
BF1-A300-5-C 2.07
BF1-Ti-5-A 3.24
BF1-Ti-5-B 3.48
BF1-Ti-5-C 3.83
BF1-C-6-A 3.54
BF1-C-6-B 3.82
BF1-C-6-C 2.83

Table 5: Major weight loss temperatures and percent losses of AM silicone samples analyzed by TGA.
Sample Sample First Weight Loss Second Weight Loss Total
Name Size Onset Derivative Weight Onset Derivative Weight Weight

(mg) (°C) Peak (°C) Loss (%) (°C) Peak (°C) Loss (%) Loss (%)
BF1-OX50-5 7.21 120 172 4.8 345 370 11.9 16.7
BF1-A300-5 10.54 122 163 3.2 339 367 13.2 16.4
BF1-Ti-5 10.49 114 162 4.6 346 374 10.5 15.1
BF1-C-6 9.55 111 204 6.8 343 361 10.0 16.8

IV.C.2 Standard Di�erential Scanning Calorimetry

Standard DSC experiments of AM silicone samples in the temperature range of -60°C to 120°C revealed
featureless thermograms, with no glass (Tg), crystallization (Tc), or melting (Tm) transitions; see
Figure 15. Typically, PDMS-based polymers have a Tg well below -60°C, but crystallization and
melting can occur just above -60°C [34,35]. These samples had high �ller contents and were crosslinked,
the combination of which likely prevented crystallization.

IV.C.3 Modulated Di�erential Scanning Calorimetry: Speci�c Heat

Figure 16 gives the average values of reversible speci�c heat of the four AM Silicone samples, along
with calculated values for amorphous PDMS from the Advanced Thermal Analysis System (AThAS)
database [34,35]. For clarity, error bars are not shown in Figure 16; generally, the standard deviation
across the three specimens of a given sample was �0.05 J/(g �°C). Plots for the individual specimens
are given in Figure 17, with the average values and error bars included. All of the AM silicone samples
have lower speci�c heat values than those calculated for linear, uncrosslinked, un�lled PDMS. In the
four AM samples, the chemical and physical crosslinks restrict the motion of the chains, thereby
lowering speci�c heat. BF1-A300-5 and BF1-OX50-5 agree within the error of the measurement,
with values that increased from �1.20 J/(g�°C) at -60°C to �1.44 J/(g�°C) at 120°C. BF1-Ti-5 and
BF1-C-6 have slightly lower average reversible speci�c heats, with BF1-Ti-5 increasing from �1.09
J/(g�°C) at -60 °C to �1.31 J/(g�°C) at 120°C and BF1-C-6 increasing from �1.08 J/(g�°C) at
-60°C to �1.39 J/(g �°C) at 120°C.
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Figure 15: Standard DSC of AM silicone samples.

Figure 16: Modulated DSC results for AM silicone samples.

23



24

Figure 17: Reversible speci�c heats for each of the samples listed in Table 4.
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V X-ray Di�raction Diagnostic Paired with Gas Gun Driven
Compression of Polyethylene (Huber, Watkins, Dattelbaum,
and Gustavsen)

V.A Abstract
Understanding the kinetics of phase transition and decomposition during extreme condition events
is not a trivial undertaking. Capturing these processes require: 1) diagnostics that probe on the
timescales and at energies capable of interacting with the dynamically evolving products, penetrating
the opaqueness of the changing system; and 2) detectors sensitive enough to observe these events.
Synchrotrons provide access to keV X-ray beams capable of penetrating the opaqueness of the dynamic
event with a wavelength adept at interacting with the evolved or compressed crystal structures. At
the Dynamic Compression Sector at the Advanced Photon Source, gas guns produce planar shocks
at a myriad of projectile velocities while capturing in situ X-ray di�raction of the evolving material
under dynamic compression. Speci�cally, we shocked high density polyethylene to 7.45 GPa observing
compression and orientation of the polymer chains.

V.B Introduction
The degree of polymer crystallinity can often be tied to its mechanical and electrical properties [36{40].
For example polyethylene, which will be discussed in this paper, can be de�ned as low density PE
(LDPE, 35-55% crystallinity), high density PE (HDPE, 78.5% crystallinity) and ultra-high molecular
weight PE (UHMWPE, 70-80% crystallinity). PE strength is due to an assemblage of intra- and
intermolecular forces including C-C and C-H covalent bonds, and van der Waals forces. As with most
polymers, compression along the chain axis is typically sti�, where compression between polymer
chains is relatively soft. Polymer crystallinity is de�ned by the unit cell, similar to metals, however
this repeat unit is composed of the polymer chains and multiple monomer units instead of single atoms.
The PE unit cell under ambient conditions is orthorhombic. Low pressure dynamic experiments, if
carefully designed, can access the hexagonal PE crystal structure; however these experiments can easily
bypass the hexagonal phase and go directly to monoclinic [41]. Furthermore, Fontana et al has shown
that at 2.5 GPa PE is still orthorhombic during diamond anvil cell (DAC) experiments, as pressure is
increased to 15.5 GPa PE transitions to monoclinic [42]. With gas gun driven dynamic compression
paired with X-ray di�raction we can directly probe polymer response through crystallinity at a higher
strain rate than accessible with DAC experiments, further contributing to the understanding of how
strain rate drives material response.

Dynamic loading of polymer samples will change the di�raction patterns as compression forces
the polymer chains closer together, squeezing the unit cell thereby resulting in peak shifts to higher
q (smaller spacing). With respect to polymer crystallinity, if the polymer is truly amorphous no
di�raction peaks or a broad amorphous carbon peak will be observed. Bragg peaks will be present
if the polymer is crystalline, where in semi-crystalline polymers the amorphous and crystalline peaks
are both observed providing a ratio of amorphous to crystalline regions. Crystalline polymer often
show isotropic di�raction, meaning there is no preferred orientation of those crystalline regions [43].
However, by synthesis techniques, molten compression or by applying shear, anisotropic orientation
can be obtained [39, 44, 45]. X-ray di�raction as a diagnostic to study dynamic loading can extract
information about the changing crystallinity and/or phase.

Carter and Marsh published a large subset of polymers that exhibited a reactants and products
Hugoniot during dynamic compression, with a transition region between these two branches [46].
This report suggested that the transition region, where the polymer is undergoing decomposition, was
re
ective of polymer chain compression with ultimately a phase change from sp2 (graphite-like) to sp3

hybridization (diamond-like). Diagnostics traditionally paired with planar shock fronts are Photon
Doppler Velocimetry (PDV) and Velocimetry Interferometry System for Any Re
ector (VISAR) that
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Figure 18: X-ray di�raction setup. X-ray bunches separated by 154 ns pass through the dynamically
evolving system to the scintillator and image intensi�er. The now visible light (converted by the scin-
tillator) is directed to the four CCD cameras via beam splitters. Each camera is capable of capturing
one image per gas gun shot, resulting in a total of four di�ractograms total for each experiment.

capture the particle velocity (up) at an interface [47, 48]. Phase transitions may be observed in the
up pro�le if there is a large volume change and the shock velocity (US) for the second wave is slower
than that of the �rst wave [49,50]. However these multi-wave structures are often di�cult to observe
with velocimetry; organic materials where multi-wave structures have been captured include benzene,
phenylacetylene and cyanate ester [51{53]. By pairing gas gun driven shock waves to X-ray di�raction
we no longer require large volume changes or US variations, phase changes may now be observed in
situ with X-ray di�raction.

At the Dynamic Compression Sector (DCS, Advanced Photon Source, at Argonne National Labo-
ratory) X-ray di�raction has been paired with gas guns capable of projectile velocities upwards of 5.5
km/s (setup in Figure 18). This is the �rst time, to our knowledge, that polymer di�raction captured
during gas gun driven planar shocks has been reported. Speci�cally, HDPE was dynamically loaded to
7.45 GPa by impaction with a LiF projectile at 2.116 km/s on the single stage powder gun. Herein, we
will discuss the change in HDPE polymer crystallinity and polymer chain orientation due to dynamic
shock.

V.C Experimental
HDPE was purchased from Polymer Industries (Densetec grade), with a density of 0.957 g/cm3 and
percent crystallinity of 78.5 2.0 [37]. The HDPE was machined into a disk that measured 3 mm
in thickness and 10 mm in diameter. The rear surface of the HDPE was vapour coated with an Al
mirror for PDV. The three PDV probes that were focused on the back surface captured the arrival
time of the shock at the back surface, tilt and the free surface particle velocity, ufs (sample holder in
Figure 19A-C).

These X-ray experiments were performed with 24-bunch mode, which consists of 100 ps X-ray
bunches spaced 154 ns apart with a wavelength of 0.5276 �A (24 keV). The X-ray beam was directed
through a 2.7 cm period undulator at DCS, along with two horizontal and two vertical KB mirrors
to focus the X-ray beam at the sample. The experimental setup can be found in Figure 18. These
measurements were performed with the X-ray beam on the center of the sample, with the incident
beam 28° relative to the sample surface as shown in Figure 18. Due to the angle of the X-ray beam
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Figure 19: (A-C) Sample Holder for HDPE samples. (D) PDV trace for HDPE sample at the free
surface.

in relation to the shock direction, the X-rays penetrated through the LiF/Lexan impactor, as well as
the HDPE during the shock event. A 75-mm scintillator (lutetium oxyorthosilicate: Ce3+ (LSO:Ce))
was used with a pixel size of 43.5 �m � 43.5 �m. The detector plane was oriented perpendicular to
the X-ray beam. Once the X-ray beam di�racted o� the sample it was directed at the scintillator and
image intensi�er (Photek MCP140), then to the beam splitters towards four CCD cameras (Princeton
Instruments PiMax-4). The CCD cameras were gated to capture sequential bunches.

The sample-to-detector (Sa-Det) distance was calibrated with a polycrystalline silicon (Si) stan-
dard. Figure 20A shows the di�ractogram with the �rst two Si di�raction rings. This di�raction
pattern was calibrated in Dioptas [54], providing a Sa-Det distance of 134 mm and a q-range of 0.5-3.0
�A�1 (q = 4� sin �=�). This Sa-Det distance was chosen because the �rst two orthorhombic peaks of
HDPE are the (110) at 1.5 �A�1 and the (200) at 1.7 �A�1, as shown in Figure 20B, along with the
molecular structure in Figure 20C (created in VESTA) [55{57].

Planar shocks on the sample surface were initiated with a single stage powder gun located in
hutch 35-ID-E at DCS. Propellant forced the impactor along the gun barrel at velocities ranging from
0.5-2.5 km/s. In these experiments, we used lithium 
uoride (LiF) impactors that were moulded into
a Lexan projectile. The projectile velocity (uproj) of the impactor was measured with PDV located in
the barrel of the gun. The PDV scopes were triggered by an optical beam block (OBB) placed �1.2
mm from the front surface of the sample, which initiates the scopes when the projectile has blocked
�33% of the PDV beam. With the known distance from OBB to the front of the sample, uproj, and
cable lengths for signal delays, the cameras are gated to capture four frames of dynamically shocked
sample. Since 24-bunch mode was used, we collected one frame on each camera, where the time
between cameras was 154 ns. Figure 19D shows the PDV ufs trace captured at the mirrored surface
on the back of the sample. To calculate up the free surface approximation was used (2up = ufs),
resulting in up = 1:5 km/s.

V.D Results and Discussion
Pairing X-ray di�raction and gas gun driven planar shocks allows for observation of in situ compression
of polymer chains. Figure 20B shows the static di�raction peaks for HDPE. The two most intense
peaks, (110) and (200), were captured at 1.5 and 1.7 �A�1. The (110) peak maintained enough intensity
under shock loading to observe the polymer chain compression. This static di�raction pattern provided
a baseline for analyzing the dynamic frames; as the shock wave moved through the 3 mm sample the
static/unshocked di�raction peaks reduced in intensity until no longer observed in the di�ractograms
(Figure 21B). This disappearance of the static di�raction peaks also provided redundancy to the
calculated timing for each camera frame.
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Figure 20: (A) Silicon calibration standard showing the �rst two di�raction rings, used to determine
the sample-to-detector distance. (B) Static di�raction pattern of HDPE, the �rst two di�raction peaks
are at 1.5 �A�1 (110) and 1.7 �A�1 (200). (C) Crystal structure of HDPE created in VESTA [55]

To determine the shock physics parameters, PDV probes were placed in the barrel of the gun and
facing the mirrored surface at the back of the sample. The PDV probes in the gun barrel were to
capture the uproj, which was 2.116 km/s. Since the cameras were triggered from the optical beam block
placed in front of the sample, a good approximation of the US through the sample is not achievable
because we did not have a PDV probe at the impactor/HDPE surface. Therefore we employed the
linear Rankine-Hugoniot for US�up to determine US, which relies on the parameters C = 2:655 km/s
and s = 1:692 [46]. The US from this relationship was calculated as 5.19 km/s. From here we used the
momentum jump equation, P = �0USup, to calculated the pressure (7.45 GPa). Finally, the volume
compression was determined from the mass jump equation, V=V0 = 1� up=US, which was 0.711.

The di�ractograms for the 7.45 GPa shot can be found in Figure 21A-D. The �rst frame at 0.130
�s was shortly after impact, and still contains both the (110) and (200) peaks. As mentioned above,
each X-ray pulse is separated by 154 ns, therefore the next three frames were 0.283, 0.436 and 0.590 �s.
Initially the HDPE di�raction rings were isotropic, the crystalline regions had no preferred orientation.
However, as the shock progressed through the sample the (110) di�raction ring became anisotropic.
The peaks or partial rings in the horizontal plane are referred to as in-plane di�raction, often observed
from static grazing incidence di�raction of polymer samples whose backbone is oriented perpendicular
to the surface it was deposited on [39]. The anisotropic di�raction rings imply partial orientation of
the crystalline regions, further experiments will be performed to determine polymer orientation.

By radially integrating the di�ractograms, smaller or less intense peaks are observable; these 1D
di�raction patterns are found in Fig. 21E. The �rst frame was captured at 0.130 �s, 0.67 mm into the
HDPE sample. This 1D pattern appears similar to the static di�raction in Fig. 20B. As the shock
wave progressed further into the sample (0.283 �s, 1.45 mm) the intensity of the un-shocked HDPE
decreased and a peak at �1.8 �A�1 appeared. At 0.436 �s, 2.24 mm into the HDPE, the un-shocked
HDPE peaks have almost completely been shifted and/or compressed and the �1.8 �A�1 peak has
grown in intensity. Finally, at 0.590 �s, 3.03 mm, the shock wave has progressed through the entire
thickness of the 3 mm sample. Almost no un-shocked material is observed and the �1.8 �A�1 peak
has relaxed to �1.75 �A�1. This new peak at �1.8 �A�1 was the shifted (110). As the polymer chains
compressed the di�raction peak shifted to higher q, indicative of smaller chain spacing. The shift of
the �nal frame to low q is due to the relaxation of the polymer once it had been released. Additionally,
the broadness of the shifted (110) is likely due to the (200) peak not retaining enough intensity to
break through as an individual peak. The smaller di�raction peaks that were present in the static
scattering in Figure 20B are too small to observe under shock compression.

As explained above, the shock parameters were calculated with the jump equations and the mea-
sured ufs. Those entities are related to the bulk compression of the polymer, similar calculations
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Figure 21: (A-D) Dynamic di�raction patterns from PE shocked to 7.45 GPa. The inside ring is
the (110) peak, the outside ring is the (200) peak. By radially integrating the di�ractograms we
produced graph (E). (E) Scattering pattern from the frames A-D, as time advanced and the shock
wave progressed through the HDPE sample the un-shock HDPE peaks decrease and the shifted (110)
peak at �1.8 �A�1 increases in signal. By the �nal frame the shifted (110) peak relaxes back to �1.75
�A�1, as the PE was released.

starting with the crystalline volume can also be performed. For an orthorhombic crystal structure,
the volume is V = abc, where a, b and c are the lengths of the unit cell in �A. We calculated the initial
(before shock) and shocked volume to be 93.8 �A3 and 73.7 �A3. Therefore V=V0 for this 7.45 GPa shot
was 0.786, which is larger than what was calculated for the bulk compressed volume of 0.711. The
crystalline sections of the polymer will be less compressive than the amorphous sections due to van
der Waals forces, hydrogen bonding, or numerous other polymer chain interactions. With the mass
jump equation and the linear Us-up, we calculated the Us to be 4.16 km/s, which is slower than the
bulk US of 5.19 km/s. The mass jump equation was used to calculate the up and the pressure was
then calculated with the momentum jump equation resulting in 0.89 km/s and 3.71 GPa, respectively.
The compression of the crystalline sections is less than the bulk compression, with lower US, up and P
than the bulk sample. Untangling how the amorphous and crystalline polymeric regions are a�ected
by shock wave propagation will require further study through systematic manipulation of polymeric
crystallinity in a controlled and deliberate fashion.

V.E Conclusions
In this paper we dynamically shocked HDPE to 7.45 GPa with a LiF impactor traveling at 2.116 km/s.
The HDPE polymer chains showed both compression and anisotropy. Compression was observed by
the (110) peak shifting to higher q (smaller d spacing) at �1.8 �A. Polymer chain orientation was
captured by the 2D di�ractograms, with the di�raction rings transforming from isotropic rings to
anisotropic rings.

Dynamic compression of polymers is not a new area of study, however the ability to observe
crystal structure changes, in situ, during dynamic loading presents an exciting new diagnostic. X-ray
di�raction a�ords the pathway to observe crystal structure changes in complicated polymeric systems.
HDPE is a semi-crystalline polymer that has multiple phase changes below the decomposition pressure
(24.7 GPa), phase changes that have not been captured in the up pro�les. With the addition of X-ray
di�raction as a diagnostic for shock compression it presents the ability to observe compression, phase
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change, melt and decomposition for the �rst time in these carbon-based, low scattering systems.
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VI In Situ Phase Contrast Imaging & Spall (Ramos, Jensen,
Pierce, Montgomery, Liu, Iverson, Carlson, Dattelbaum,
Brown, Fezzaa, Sinclair, Rigg)

VI.A Summary
In experiments for creating dynamic tension by impact and release, velocimetry is used to detect
dynamically created interfaces associated with material damage by observing wave interactions with
free surfaces. Interpretation of these wave interactions is often di�cult and not unique. Therefore,
phase contrast imaging (PCI) of gas gun driven impacts has been performed at the Advanced Photon
Source. PCI was used to study the behavior of HDPE and compare and contrast it to the behavior of
PMMA, a characteristically brittle polymer. Ductile polymers do not exhibit pronounced spall traces
with ringing in the scab. Reduction of loading upon release with no load recovery in velocimetry has
been attributed to ductile damage by nucleation and coalescence of voids and modeled as such. This
study will test this prevailing attribution in literature with in situ observation of damage using PCI.

VI.B Introduction
With the recent advances in X-ray PCI, material response in solids can be observed in situ with un-
precedented spatial, temporal, and density resolution during shock loading. PCI is particularly useful
for observing physical and density interfaces. It relies on the spatial variation in the phase of coherent
or semi-coherent X-rays and their interference, rather than on their absorption [58]. It is more sensi-
tive to interfaces through interference e�ects and can be used with intense polychromatic synchrotron
beams that make it possible to image high-rate deformation on picosecond time scales [59, 60]. For
example, interfaces associated with damage and those associated with pressure discontinuities at shock
and release waves can be imaged. This capability has recently been developed and used successfully
to investigate damage in glasses, polymers, and metals during uniaxial shock and release experiments
that create dynamic tensile stress states [63]. This experimental con�guration is frequently called a
spall experiment as it refers to 
akes of material that may be broken o� a larger solid body of material
if the shock and release, and thus tensile stress state, are of su�cient amplitude. Fielding PCI on
spall experiments is a signi�cant advance because in situ observations of spatial and temporal evolving
damage accumulation processes can be correlated with features in velocimetry and microstructures
observed in recovered specimens to lessen ambiguity in interpretation and support material models
development and validation. Examples of sources of ambiguity include e�ects of localized, hetero-
geneous damage on features in velocimetry and specimen deceleration/unloading on microstructures
recovered for postmortem characterization.

HDPE is a ductile polymer compared to PMMA and exhibits distinctly di�erent behavior. When
subjected to dynamic tensile stress, PMMA exhibits release and pullback features that are the typical
hallmarks of spall response in interface velocimetry for a wide range of materials. The particle velocity
di�erence between the peak impact and pullback is proportional to the spall strength [88]. Shock and
release waves re
ect between impedance di�erence at the tensile stress plane and the rear surface of
the target, producing the characteristic \ringing" that proceeds after the pullback. In contrast, ductile
polymers such as HDPE do not exhibit pullback or ringing. Johnson and Dick modeled this behavior
for Estane 5703 in a pioneering study in 1999 [64]. They employed several common assumptions to
match the velocimetry as summarized in Figure 22. Material separation, constant longitudinal stress,
threshold spall strength with residual strength all failed to reproduce the velocimetry; whereas, mod-
eling assuming void-growth and viscoelastic constitutive behavior was most successful. Subsequent to
this study, void nucleation and coalescence became the prevailing interpretation for spall in ductile
polymers in the literature [65{69,71{73].

There has been relatively little recovery of HDPE from spall experiments for microstructure char-
acterization. Golubev, et al. used an explosively thrown 
yer to investigate spall failure of PMMA,

31



32

Figure 22: Summary of pioneering study of dynamic damage of ductile polymers under dynamic
tensile stress states performed by Johnson and Dick [64]. This study set the prevailing interpretation
of damage in ductile polymers in spall experiments.

Te
on and polyethylene (0.92 g/cc) as a function of temperature [61]. Damage in recovered samples
was reported as a function of impact and initial temperature in terms of no visible failure, partial
spall failure, and complete spall failure. Unfortunately, no micrographs of the samples or spall surface
were published for polyethylene [61,62]. Spall failure initiated at 0.25, 0.16, and 0.14 GPa respectively
at room temperature and had an increasing trend as melt temperatures were approached for PMMA
and Te
on; whereas, the resistance to spall failure decreased for polyethylene.

Figure 23: Golubev, et al. results of tests with PMMA (a), polyethylene (b), and Te
on (c) specimens:
1) no visible failure; 2) partial spalling failure; 3) complete spalling failure [62].

Ductile-to-brittle transitions have been observed (Figure 24) and documented for water and gas
line pipe failures and extensively studied. Ductile-to-brittle transitions are reported to occur in several
regimes: slow crack growth (SCG) and rapid crack propagation (RCP) [74{78]. SCG occurs in plane
strain, rather than plane stress, as temperature is increased [74]. This involves fatigue of material in
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the process zone that can fail (i.e. failure of �brils in the craze zone) leading to an increased rate of
crack tip advance [75,79]. This process can be environmentally assisted and detailed stress, time, and
temperature models have been developed [80]. While this process is not likely to occur on the time-
scales of spall experiments, it could clearly provide localized nucleation sites for damage initiation in
components for weapons applications. Literature reports RCP occurs at lower temperatures and at
high loads but has not been documented nearly as broadly in literature [78]. This contradicts the
trend reported by Golubev, et al. but tests were at much lower strain rates and involved loading of
notched samples [61,62]. The phenomena of SCG and RCP impact fracture tend to have similar failure
appearance, but RCP impact fracture surfaces in PE display a 
aky, scaly appearance whereas SCG
reveals a �brous texture (illustrated in Figure 25). This indicates that they possess fundamentally
di�erent failure mechanisms [74,78].

Figure 24: (left) Ductile and (right) brittle failure of HDPE pipe [78].

Figure 25: (left) RCP and (right) SCG fracture surface [78].

Battelle’s plastic pipe research program, under the sponsorship of the Gas Research Institute,
performed an extensive investigation of short term methods for predicting resistance to SCG and
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RCP in PE gas distribution systems [78]. As of 1983, 80% of new and replacement gas distributions
systems were made of PE. They sought to understand the time-dependent behavior of PE under load
levels similar to those experienced in gas distribution service, so that they could predict the likelihood
of achieving a service design life of 50 years or more even though PE had only been in service for 20
years to that point. This required developing the necessary understanding of PE material behavior
under a wide range of loads, to develop short term tests to measure properties relevant to long term
strength and to develop theoretical predictive methodologies that could correlate short term test
results with long term strength behavior. Full scale tests and modi�ed Robertson tests on many PE
materials and pipe diameters demonstrated that the simple LEFM model of RCP could be used to
obtain excellent correlation between dynamic fracture toughness, measured by a simple Charpy test,
and the capability of a pipe of any diameter to arrest a dynamically running crack driven by a known
initial internal pressure.

Clearly the intent of the Battelle’s studies have similarities with potential weapons applications
and the RCP results can supplement understanding of PE failure at higher strain rates that is under
development here. For example, the full-scale RCP tests consisted of pressurizing a 6-12 inch diameter
by approximately 40 feet long pipe with a 10-to-15 inch long notch 80% through a butt weld as
illustrated in Figure 26. The notch was wrapped with three layers of �berglass tape to prevent the
notched section from deforming during pressurization and an explosive cutter was used to sever the
tape and initiate the crack propagation. Fracture diagrams were draw to show the path of the crack
and a typical arrest and propagation fracture is shown in Figure 27. From this data, it is clear that
PE can fail catastrophically under dynamic loading in the presence of a 
aw/stress concentrator.
However, it is uncertain if PE will fail dynamically if damage has to be �rst nucleated.

Figure 26: Schematic of Battelle’s Rapid Crack Propagation experimental setup with explosive cutter
for initiating the crack [78].

Here we apply PCI to study the behavior of high density polyethylene (HDPE) under dynamic
tension created by impact and release and compare and contrast it to the behavior of Poly(methyl
methacrylate) (PMMA), a characteristically brittle polymer. The intent is to:

1. demonstrate new in situ PCI for studying dynamic damage processes in polymers ranging from
brittle-to-ductile and correlate with velocimetry to improve interpretation

2. assess void nucleation and coalescence as the dynamic damage mechanism for ductile polymers

3. assess the recovery results of Golubev, et al. [61, 62]
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Figure 27: Fracture diagram show arrested (top) and propagated (bottom) fracture results from
Battelle’s full-scale RCP test [78]. Note the extensive crack branching in the case of propagated
fracture.

4. assess the possibility of ductile-to-brittle transitions and the propensity of catastrophic failure
of HDPE without a pre-existing 
aw under dynamic tensile stresses.

This will �rst be done using a uniaxial impact and release con�guration to determine threshold
for damage and spall strength. This data can then provide the basis for future experiments involving
engineered defects to nucleate damage and non-uniaxial release con�gurations to examine stochasticity
and shear dependence of crack dynamics [63,81].

VI.C Experimental
PCI experiments were conducted at the APS Sector 32 and 35 beamline using the standard mode that
provides 80 ps duration (FWHM) X-ray pulses every 153.3 ns [82]. U33, U18, and U27 undulators were
used as indicated in Table 6. Detailed speci�cations of the beamlines and guns designs are described
elsewhere [83, 84]. Figure 28 illustrates the PCI experimental con�guration. This arrangement has
been described in detail elsewhere [84,86]. Brie
y described, a series of slow and fast shutters are used
to bracket the impact event typically within 15-30 ms of X-ray exposure. The beam is transmitted
through X-ray transparent windows and interacts with the sample during impact. The X-rays are
converted into visible light by the LSO scintillator and directed towards the Princeton Instruments PI-
MAX ICCD optical cameras by a turning mirror. PI-MAX II and IV cameras were used in this work
to obtain four and eight frames in a single experiment, respectively. A 7.5X microscope objective was
used to attain the desired magni�cation and the light split and relayed to multiple ICCD cameras. For
experiments using the PI MAX IV cameras, light was collected from both sides of the LSO scintillator
using a pellicle mirror through which the X-ray traversed. Figure 29 illustrates the impact experiments
�red on half inch bore guns. They consisted of either symmetric or asymmetric impacts and release as
summarized in Table 6. The signal from a lead-zirconate-titanate (PZT) impact pin triggered a delay
pulse generator (Stanford Research Systems DG535) that in turn triggered the ICCDs, and photon
Doppler velocimetry (PDV) to record data at desired times after impact. PDV was either recorded
on the aluminum coating on the rear surface or interfaces throughout the impact assembly when the
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Figure 28: Arrangement for gas-gun driven experiments using PCI at APS Sector 32 and 35.

Figure 29: Schematic of experimental target.

laser was transmitted through the sample. The guns were intentionally rotated 0.25-0.8 degrees out of
perpendicularity to the X-ray beam path to increase the width of the shock and release wave fronts.
PCI has a line width function and if features are of the same width or smaller the positive and negative
portion of the phase contrast e�ect will not be resolved rendering the feature unobserved.

VI.D Results
Impact con�gurations and resulting velocimetry measures extracted from PDV pro�les are listed in
Table 6. PDV was analyzed with short-time Fourier transforms using a Hann window with 1024, 4096,
and 896 window, Fourier transform, and overlap points, respectively. The pixels in resulting velocity
spectra were 5.1 ns and 4.8 m/s. The uncertainty in extracted values is �1 pixel. PDV pro�les
were extracted from the velocity spectra by maximum intensity value within a user selected envelope
and plotted over the spectra for comparison. Corresponding pressures and velocities (Table 7) were
calculated by impedance matching using the Hugoniots listed in Table 8. The Gr�uneisen parameter is
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Table 6: Shot con�guration and velocimetry results. PDV was analyzed with short-time Fourier
transforms using a Hann window with 1024, 4096, and 896 window, Fourier transform, and overlap
points, respectively. The pixels in resulting velocity spectra were 5.1 ns and 4.8 m/s. The uncertainty
in extracted values is �1 pixel.

not known accurately from experiment for HDPE so a value of 1.5 was assumed and used to estimate
sound speeds to plan PCI timing and interpret results. The timing for PCI was planned to catch
the opposing release waves in the �rst frame before tensile stress states were to be created; however,
there is a plus or minus one pulse uncertainty in achieving desired timing due to the period of the
synchrotron (i.e., 153 ns for standard mode) since the radio frequency signal from the synchrotron
enables the triggering of the delay generator for the PCI ICCD cameras [85]. The PCI image timing
with respect to impact can be determined afterwards from recorded PZT pin, radio frequency, and
the ICCD trigger output signals recorded for each experiment [84,86].

For PMMA, experiments were performed at 0.268, 0.483, 0.943, and 1.402 GPa using symmetric
impact. Localized features are observed in PCI at and above 0.483 GPa but not at 0.268 GPa. Texture
in the contrast is observed on the plane of tensile stress in early PCI frames and evolves in contrast
and spatial extent as a function of time. The texture in contrast develops into clearly identi�able
features associated with damage. The damage becomes less localized spatially as impact stresses
are increased. The PDV is consistent with this interpretation and contains the typical spall pulse
signature. The 9 mm width of the targets limits the duration of periodic ringing observed because the
experiments are no longer uniaxial. This complicates the interpretation of the PDV for the 0.268 GPa,
DCS-14-103 shot. Intermittent loss of signal prohibits following the trajectory toward zero velocity
before rebound. We attribute the rebound to late time e�ects not associated with the uniaxial portion
of the experiment. Otherwise, the velocity would have trailed o� to zero, which is typically the case
when a material is put in tension below the threshold for spall initiation [87,88].

For HDPE, experiments were performed from 0.468 to 13.208 GPa using both symmetric and
asymmetric impact. No changes in contrast or intensity were observed in PCI for symmetric impacts
up to 1.47 GPa and PDV showed features analogous to those observed by Johnson and Dick in their
study of Estane 5703 [64]. Symmetric impact experiments were repeated with a lower density backing
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Table 7: Conditions at impact interface calculated by impedance matching. Shots with asymmetric
material impacts have two entries.

Table 8: Materials and reference Hugoniots used in impedance matching calculations in Table 7.
Densities were measured for materials used in this study, but Hugoniots were taken from the literature.

Material Density (g/cc) C (mm/�s) S R
PMMA [97] 1.186 2.598 1.516 1.5
HDPE [70] 0.960 2.549 1.872 1.5
< 0001 > Sapphire [97] 3.985 11.190 1.000 1.5
Glass microballoons 0.500 - - -
Polyurea aerogel 0.205 - - -
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Figure 30: PCI for PMMA experiments: IMP-2014-104, -102, -099, -103 from top to bottom rows.

for the 
yer. Polyurea aerogel was used in place of the glass microballons (GMB) with no change in
results. Free space backing was attempted but the HDPE at �0.75 mm thickness would not remain

at within acceptable tolerance. Asymmetric impact experiments with < 0001 > sapphire backed with
polyurea aerogel were then performed. In this con�guration, spatial changes in intensity or contrast
texture were observed in PCI at 3.471 GPa and became localized at 8.221 GPa.

Several notable features were observed at 8.221 GPa impacts (i.e. 1.745 mm/�s projectile velocity)
and above on the Dynamic Compression Sector (DCS) single stage gas gun in the E-Hutch: a narrow
feature that transited the �eld of view (FOV) and ejecta from the HDPE rear surface. The narrow
feature was observed repeatedly to transit the PCI �eld of view without disturbing the sample, optical
beam interrupt diagnostic for measuring projectile velocity, or the PDV. There were unexplained
discrepancies from planned PCI image timing with respect to impact for shots DCS-2017-4-121 and
122. Impact was expected in frame two to three but did not arrive until frame six to seven and �ve
to six, respectively. Possible explanations for the narrow feature are air shock or accelerant gases
blowing by the projectile. Both of these possibilities could have potentially triggered the PZT pin and
would be consistent with the PCI image timing since the feature arrived in the third frame for both
shots. However, the recorded PZT signal appeared to be consistent with normal projectile impact
and the target chamber vacuum was below 100 militorr, as usual, prior to �ring the shots. In shot
DCS-2017-4-125 the narrow feature was again observed but the shock had reached the rear surface in
frame three before the appearance of the feature. In all of the shots at or above 8.221 GPa ejecta was
observed from the rear HDPE surface upon shock arrival; whereas, no ejecta was observed for shots
at and below 3.471 GPa.

PDV was �elded in two con�gurations for the HDPE experiments: laser re
ected o� an aluminum
coating on the rear surface of the HDPE or laser transmitted through the HDPE and re
ected o�
of every interface encountered. The original purpose of this was to avoid spalling the physical vapor
deposited aluminum coating o� the HDPE upon release since adhesion of aluminum to HDPE is
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Figure 31: PDV for PMMA experiments.

relatively poor. HDPE surfaces polished with 1�m Al2O3 embedded lapping �lm produced su�cient
return for recording PDV. For shots IMP-15-014 and -019 and DCS-2017-4-121 and -122 PDV was
recorded with the 1550 nm laser transmitted through the HDPE; whereas, in IMP-15-086 and DCS-
2017-4-124 and -125 the PDV was recorded from an aluminum coating. When transmitted through
the HDPE, velocities of the projectile, impact interface, rear surface, and spall interface (if present)
are recorded. This is most clear in the velocity spectrum for DCS-2017-4-122. For the DCS-2017
series of experiments, the thickness of the HDPE targets was reduced because of the high sound speed
of single crystal sapphire. This delayed the e�ects of release waves in the PDV. The second rise to the
free surface velocity is associated with the spall surface, which is also observed in the PCI for shots
at and above 8.221 GPa impacts. When �elded o� of the aluminum coating on the rear surface no
signature of tension or spall is seen for shots at and above 8.221 GPa impacts; whereas, signatures of
tension were observed for the lower velocity impacts.

Several features in the PCI from shot DCS-2017-4-124 are notable. For this shot and -125, the
HDPE sample was positioned initially on the edge of the PCI FOV so that the rear surface was
observable. Once impacted, the shock arrival at this surface was evident and the sample transited
into the FOV as damage nucleated and evolved. The shock arrived at the rear surface between frame
one and two. Spatial variations in transmitted intensity are evident in frame three and evolve between
the four subsequent frames before exiting the FOV. In frame �ve, the sapphire is no longer in contact
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Figure 32: PCI for HDPE experiment IMP-2015-019.

Figure 33: PCI for HDPE experiment DCS-2017-4-121.

Figure 34: PCI for HDPE experiment DCS-2017-4-122.
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Figure 35: PCI for HDPE experiment DCS-2017-4-123.

Figure 36: PCI for HDPE experiment DCS-2017-4-124.
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with the HDPE impact surface and the rear HDPE surface is just in the FOV at the top of the image.
The HDPE sample that was originally 1.013 mm before impact was �1.3 mm upon release in the zero
pressure state. This was achieved within the PCI time frame of this experiment because of the vastly
di�erent impedances of sapphire and HDPE.
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Figure 37: PDV for HDPE experiments IMP-2015-014, -019, -086, and DCS-2017-4-121, -122, -124,
-125.
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VI.E Discussion
There are some tradeo�s while performing shock and release spall experiments with PCI that are often
in direct opposition to what would be otherwise designed for shock physics experiments diagnosed
traditionally with velocimetry. Compromises in experiment design have to be made judiciously. The
samples must have a small diameter (e.g. 0.5" projectiles with 9-10 mm sample size for the IMPULSE
and DCS gas guns) to permit su�cient transmission of the X-rays. This sets an upper bound on
the sample thickness and temporal duration of the tensile pulse during which damage is nucleated,
evolves, and is recorded. For this reason, the experiments were planned to create tensile stress states
in the center of the thickest targets possible to allow damage to nucleate and evolve over the longest
duration of tensile stress. This compromised velocimetry and its interpretation in two ways. First,
there was relatively early arrival of release waves at the point of measurement. This can be seen
in the IMP-15 HDPE shot series that used thicker targets wherein constant particle velocity is not
maintained much after the unloading associated with the tensile stress state. This was somewhat
unavoidable for symmetric impact and release experiments with HDPE because the duration of release
was relatively long (i.e. du/dt is gradual on release) and necessitated thicker samples see the front
surface impact PDV for IMP-15-086. The asymmetric impact experiments mitigated this by using
elastically loaded sapphire as the impactor and thinning the HDPE targets this compromise was
intended to localize the spatial extent of tensile stress within the HDPE sample. Second, established
researchers of spall phenomena prefer to design experiments so that the tensile stress state is created
at a plane near the rear surface [88]. This is done to minimize the e�ects of wave dispersion and
plasticity on the spall signature in velocimetry as waves transit and ring between the rear surface
and the low impedance/damage region on the spall plane. While this preserves the spall signature,
improves interpretation of the velocimetry, and enables estimation of spall strengths with analytic
equations, it results in measurement of the upper threshold of spall strengths for time dependent
damage processes since the temporal duration of tensile stress states is limited by the proximity to
the target free surface. In this study, asymmetric impact experiments were performed using elastically
loaded sapphire as the impactor. This imposed a steeper release nearer to the tensile stress plane from
one side and was deemed especially important for HDPE because its response as a ductile polymer is
very time dependent. Ultimately, three-dimensional simulations are necessary to quantitate and then
evaluate the e�ects of limited spatial and temporal extent of tensile stress states and release waves.

The spatial and temporal evolution of damage on the tensile stress plane was successfully imaged,
the threshold for spall damage was determined, and a pressure dependence of damage was observed
with PCI for PMMA. At 0.268 GPa symmetric impact, PMMA exhibited no change in intensity
or texture in the contrast indicative of damage. The PDV velocity pro�le was consistent with this
interpretation but could have been clearer if thinner samples had been used to delay the onset of
release waves at the point of measurement. As pressure was increased above 0.483 GPa, texture in the
contrast developed at early time and evolved into clearly de�ned features associated with damage. The
features became less localized as impact stress was increased but the velocimetry remained remarkably
consistent and una�ected (Figure 38). Samples with larger aspect ratios may allow investigation of
the e�ects of the delocalization of damage on the period and evolution of ringing that was not clearly
exhibited here.

Damage localization on the tensile stress plane is clearly observed in PCI for PMMA; whereas, it is
not as evident or localized for HDPE. The lack of features observed by PCI was initially attributed to
several experiment design aspects unrelated to the dynamic tensile response of HDPE. This involved
the density of the low impedance backing and the spatial extent of the release waves and the subsequent
region subjected to tension. The density of the impactor backing was reduced as much as practically
feasible with no e�ect for the symmetric impacts. Asymmetric impact produced features in PCI
indicative of damage at 3.471 GPa but a symmetric impact at comparable stress amplitude has not
yet been performed so it is uncertain if the observation is attributable solely to impact stress or the
spatial and temporal extent of the tensile stress state in addition. Shot IMP-15-086 was �red as a
front surface impact onto PMMA and con�rmed Mori’s Hugoniot and timing at this stress level and
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Figure 38: Velocity pro�les extracted from PDV spectra for PMMA experiments.

quanti�ed the relatively gradual rate of release for HDPE [70]. Interaction of two such releases in
symmetric impact experiments would undoubtedly spread the tensile stress spatially throughout the
sample and cause it to develop gradually in time over an extended portion of the sample thickness.
Further experiments and simulations are needed to evaluate these aspects. Front surface impacts such
as IMP-15-086 should be repeated for other impact conditions and used to validate the equation of
state for the HDPE in future simulations.

The threshold for complete spall in HDPE occurs somewhere between 3.471 and 8.221 GPa as
observed in situ with X-ray PCI. Changes in X-ray intensity transmitted through the HDPE are not
observed until 3.471 GPa and do not become localized until 8.221 GPa. Figure 39 compares image
pro�les for shots at 3.471 and 0.468 GPa asymmetric and symmetric impacts, respectively. In shot
DCS-2017-4-124 the HDPE was uniaxially compressed to a reduced volume of 73.8%, or 0.748 mm
thickness, based on impedance matching and was imaged in the pressure equals zero state at �1.3
mm thick. The overall length changed by 0.552 mm and was not uniform as regions of increased
transmission, or localized density reduction, is observed. The image pro�les in Figure 39 illustrate
the evolution of the features in frames three through six. In contrast to PMMA, clearly de�ned and
localized features associated with damage are not observed. At impacts of 8.221 GPa and above,
de�ned interfaces associated with spall planes are observed.

Transmitting the laser through the HDPE provides much more information than re
ecting o�
aluminum coated free surfaces. Velocities at each interface from impact to the rear surface can be
recorded. In shots where spall interfaces were observed in PCI, a second rise to the free surface is
exhibited in PDV. In Table 9, measured impact interface velocities and shock velocities from measured
transit times are compared with those calculated from Moris Hugoniot [70]. The agreement listed in
Table 9 is very good for the low velocity impact shots and much worse for those at high velocity. For
DCS-2017-4-121 and -122, signal is lost intermittently between impact and breakout at the free surface
and could lead to inaccurate shock velocities; however, the percent di�erence for the impact interface
velocities are also very large. It is likely that extrapolating Moris Hugoniot to these conditions is
inaccurate and Hugoniot measurements need to be made.

All the pro�les transmitted through HDPE are plotted for comparison in Figure 40 (left). The
PDV pro�les measured from the rear surface of HDPE below 8.221 GPa impacts are consistent with
those published in literature for ductile polymers. A reduction of loading after release with no load
recovery is observed. For shots at and above 8.221 GPa, this feature is missing and there is a second
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Figure 39: Comparison of image pro�les extracted from PCI for IMP-15-019 and DCS-2017-4-124.

Table 9: Hugoniot estimation from velocimetry for shots without aluminum coating on rear surface.
Calculated velocities are from impedance matching, as in Table 7.
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Figure 40: Velocity pro�les extracted from PDV spectra for HDPE experiments IMP-2015-014, 019
and DCS-2017-4-121, 122 wherein no aluminum coating was used on the rear surface (left). Com-
parison of velocity pro�les for DCS-2017-4-121 and -125 wherein a coating was used and not used
respectively (right).

rise to the free surface. Shot DCS-2017-4-121 and -125 were �red at similar impacts but PDV was
�elded through the HDPE and o� of an aluminum coating on the rear surface, respectively. Figure 40
(right) illustrates that the pro�les are consistent and prove that the missing feature is not an artifact
of how the PDV was �elded. So the observation of spall interfaces in PDV, the appearance of the
second rise to the free surface velocity, and the disappearance of the reduction of loading after release
with no load recovery occur coincidently and are consistent with complete spall of the HDPE.

The disappearance of the reduction of loading after release with no load recovery in the pro�les as
a function of pressure is interesting. Kanel, et al. observed something similar in their studies of X-cut
quartz [87]. Quartz is a class of brittle solids for which the Hugoniot collapses to the isentrope when
loaded over the HEL because of a total loss of shear strength [89{91]. Figure 41 illustrates the loss of
features indicative of tension or spall once the X-cut quartz is loaded above the Hugoniot elastic limit
(HEL) because tension cannot be supported. It appears that HDPE undergoes an analogous loss of
shear strength when impacted to 8.221 GPa or above in the experiments presented here. HDPE is
not brittle so there has to be an alternative mechanism for the inability to support tension. Based
on the observation of ejecta by PCI for these impacts, thermal softening is a likely explanation. The
amount of heating from plastic work can be expected to be quite high for the large compaction and
extension of the ductile polymer. This was seen directly with PCI at lower impact conditions in shot
DCS-2017-124. For shot DCS-2017-4-125 it is even greater but the relationship between the rate of
plastic work and temperature rise is not known for HDPE. In metals an empirical factor of 0.9 has
been determined by calorimetry [92]. Determination of the relationship between the rate of plastic
work and temperature rise would enable quantitative evaluation of the proposed mechanism of thermal
softening for the total loss of shear strength in HDPE.

Gobulev, et al. reported partial spall failure at 0.25 and 0.14 GPa for PMMA and polyethylene,
respectively. In contrast, damage was shown to initiate somewhere between 0.268 to 0.483 and 3.47
to 8.221 GPa. The discrepancy is quite large for HDPE. Material, loading con�guration, and success
of deceleration and recovery are possible explanations for the di�erence. Gobulevs results show that
the threshold for initiating damage is reduced as temperature is increased for polyethylene [61, 62].
Battelle’s results shows that fracture propagation, rather than arrest, is more likely at low tempera-
ture [78]. This implies that damage nucleated dynamically at higher temperatures may not propagate;
whereas, at low temperature the threshold for damage nucleation will be higher but is more likely to
propagate and be catastrophic once nucleated. Taken together these results potentially have impor-
tant implications for weapons applications. Several experimental con�gurations have been developed
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Figure 41: Spall response of X-cut quartz loaded above and below the HEL [87]. (a) Free surface
velocity pro�les for 4-mm-thick x-cut quartz samples. The shot at the highest stress, �9 GPa, was
done with a 6-mm-thick sample and a water window. (b) Free surface velocity pro�les for x-cut quartz
at di�erent peak stresses generated by 0.2- or 0.4-mm-thick aluminum impactor plates.

to investigate crack propagation of a pre-cracked sample under shock and release as well as the e�ects
of strain state on shear dependence and stochasticity of cracking with PCI [63]. These experiments
can be employed to further quantitate implications for weapons applications.

PCI is useful for observing the nucleation and evolution of damage in spall experiments but quan-
titative measures of the material state need to be extracted. Density may be extracted from the data
directly. However, current algorithms for density retrieval were developed for strong or weak phase
objects [93]. Solid samples do not fall into this category and iterative algorithms for both phase and
amplitude are needed. These algorithms are under development at LANL but are not yet ready for
use. When they are, the PCI of spall presented here will be prime candidates. Kitchens, et al. demon-
strated that the texture in the contrast of PCI images could be analyzed to determine particle/void
size distributions [94]. In their derivation for use in biological applications, they assumed random
packing [95]. This cannot be assumed for damage on spall planes. Barber has rederived the statistics
without this assumption and it may be possible to apply the analysis to the spall data in the near
future to extract void size distributions associated with spall damage [96]. Algorithms for iterative
retrieval of both phase and amplitude are again the limiting factor.

VI.F Conclusions
A comparative study of the behavior of Poly(methyl methacrylate) and high density polyethylene
under dynamic tension created by impact and release was performed using PCI. Damage localization
on the tensile stress plane was clearly evident for PMMA and was consistent with spall signatures
in PDV. Damage became less localized as impact pressure was increased, illustrating a change in
the mechanism or process. Damage was not as evident or localized for HDPE. Subtle changes in
transmitted intensity were observed at low impact pressures, and localization was not observed until
complete spall. Transmitting the PDV laser through the HDPE enabled recording velocities at impact,
rear, and spall interfaces. Observation of ejecta and spall interfaces in PCI and the appearance of the
second rise to the free surface velocity and the disappearance of the reduction of loading after release
with no load recovery in PDV all occurred coincidently. This was interpreted as signs of complete loss
of strength and thermal softening was proposed as a likely mechanism. This data provides further
insight and an alternative to the prevailing interpretation involving void nucleation and coalescence
as the mechanism for spall in ductile polymers.
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VIII Appendix

We include seven supporting publications as an appendix. They appear in chronological order, pro-
viding a rough timeline of capability development. The �rst of these (Jensen, et al.) is from 2012,
and introduces the use of PCI at APS. The next two by Brown, et al. then describe application
of IMPULSE and PCI to study damage in PE. The second member of this pair was published as a
separate chapter in Ref. [63]. The next paper is by Branch, et al., and was published in J. Appl.
Phys. in 2017. It is a pioneering study of the coupling between lattice features engineered at O(100
�m) length scales and shock wave structure, providing de�nitive visual evidence (see Figure 5) of
jetting in simple cubic { but not in face-centered tetragonal { lattices. The next paper, published
in Polymer earlier this year, compares dynamic deformation mechanisms in AM foams with those in
material manufactured by more traditional techniques. Both studies apply X-ray PCI and FEM in
the diagnosis and simulation of dynamic compression. The �nal two are recent submissions to the 5th
annual Weapons Engineering Symposium, to be held March 17-19 of 2020. Symposium papers won’t
be published until afterward, and so this is their �rst appearance in print.
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Understanding the dynamic response of materials at extreme conditions requires
diagnostics that can provide real-time,in situ, spatially resolved measurements on the
nanosecond timescale. The development of methods such as phase contrast imaging
(PCI) typically used at synchrotron sources offer unique opportunities to examine
dynamic material response. In this work, we report ultrafast, high-resolution, dynamic
PCI measurements of shock compressed materials with 3µm spatial resolution using
a single 60 ps synchrotron X-ray bunch. These results Þrmly establish the use of PCI to
examine dynamic phenomena at ns toµs timescales.Copyright 2012 Author(s). This
article is distributed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.3696041]

Understanding and predicting the dynamic response of materials at extreme conditions re-
quires experimental investigations of their time, rate, and microstructure dependencies. Require-
ments for such experiments are the need for real-time,in situ, spatially resolved measurements
which are challenging. For high strain-rate loading, traditional experiments have relied on optical
techniques1,2 (velocity and displacement interferometry) that monitor interface motion, or stress
gauges;3 dynamic proton radiography shows high penetration power but is currently limited in spa-
tial resolution.4 The development in synchrotron X-ray photon sources (high coherency and ßux) and
detection/measurement techniques (e.g., phase contrast imaging or PCI5Ð8) offers unique opportuni-
ties for ultrafast, high-resolution measurements to examine dynamic materials response. Dynamic
PCI measurements with synchrotron X-rays have been performed on the microsecond timescale;8

however, impact events typically occur on the sub-microsecond timescale requiring higher time
resolution in the picosecond to nanosecond range. In this Letter, we report ultrafast (< 100 ps), high
resolution (� 3 µm), dynamic PCI measurements on representative materials/processes using a sin-
gle synchrotron X-ray bunch during impact loading. Such measurements are expected to be valuable
for revealing novel phenomena under high rate loading and studying the underlying mechanisms
responsible for material failure,9 jet formation in metals,10 and hotspot formation in explosive11 as
well as more fundamental studies of dynamic material properties including phase transitions and
equation-of-state.

Ultrafast PCI measurements were performed at the 32ID beamline12 of the Advanced Photon
Source (Argonne, IL). As shown in Fig.1, the PCI measurement used a ÒwhiteÓ beam which was
transmitted in sequence through two shutters, a 2D slit, the sample, a scintillator (Lu3Al5O12:Ce) with
� 55 ns decay time13 positioned 660 mm away from the sample, and then imaged onto the detector
using standard optics. The optical components consisted of a 45� mirror to relay the optical emission
from the scintillator into the PI-MAX ICCD camera (Princeton Instruments;� 20µm pixel size, and
1300× 1340 pixels) and a 10× Mitutoyo inÞnity-corrected long working distance objective (Edmund
NT46-144; 33.5 mm working distance and 3µm focal depth). The Þeld of view on the sample was

abjjensen@lanl.gov

2158-3226/2012/2(1)/012170/6 C� Author(s) 20122, 012170-1
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FIG. 1. Schematic of the experimental conÞguration for impact experiments using phase contrast imaging. Timing signals
used for synchronization (inset) including the 12-volt signal supplied by the gun control system, the photodiode signal (scaled
for visibility) which shows the approximate duration of the x-ray beam (on target), and the impact pin signal.

approximately 1.6 mm× 1.6 mm. Note that the sample-scintillator distance was not optimized due
to the constraints of the current translation stages, and such constraints will be eliminated for
better image contrast in future experiments. The storage ring was operated in the standard mode
(24 bunches), with pulses of 80 ps (fwhm) duration spaced 153.3 ns apart. The beam intensity
and spectra were adjusted by varying the undulator gap with typical operation in the 11-30 mm
range. Most of our measurements used an undulator gap of 26 mm. For this gap, the majority of the
intensity was located in the peak centered around 11.9 keV with a bandwidth of 0.6 keV FWHM,
and the peak ßux (per 1mm2 aperture) was about 1.7× 1014 photons/s/0.1%bw.

Materials were subjected to impact loading using a 12.6-mm bore light-gas gun capable of
achieving velocities up to 1 km/s and designed speciÞcally for use at a synchrotron source. A
schematic of the experimental conÞguration is shown in Fig.1. The gun system consisted of a gas
breech, a launch tube (or barrel), and a target chamber all mounted on a mobile support structure (not
shown) to allow for insertion and alignment within the X-ray beam. The X-ray beam entered through
a side port, was transmitted through a sample, and exited through a second side port where the detector
system was located. The side ports were sealed using Lexan windows (approximately 0.01 inch
thick) to allow the X-rays to pass through while maintaining vacuum prior to the experiment. During
the experiment, the projectile accelerated down the launch tube and impacted the target, generating
a compressive wave in the sample. Projectile velocities were measured using standard photonic
Doppler velocimetry (PDV).2

Synchronization of the impact event, the incident X-ray beam, and the detector was achieved
using piezoelectric impact pins (Dynasen, Inc.), two electromechanical shutters (slow and fast
response time) placed between the X-ray source and the sample, and the gun control system (not
shown). A 12 VDC signal obtained from the gun control system which corresponds to the projectile
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FIG. 2. Detailed experimental schematics showing the projectile and target conÞgurations. The x-ray beam path is oriented
along the z-axis.

launch was used to trigger the slow shutter allowing the X-ray beam to pass through the sample. At
impact, the electrical signal from piezoelectric impact pin was used to externally trigger a Stanford
Research Systems (SRS) DG535 delay generator. Output signals from the delay generator (with
appropriate delays) were used to trigger both the ICCD (using a gain of 200 and a gate width of
150 ns) to acquire the image and the fast shutter to interrupt the X-ray beam. The operation of these
two shutters yielded a sample exposure time of about 60 ms, protecting both the sample and the
scintillator/mirror components downstream from the sample while providing enough time to bracket
the shock event. An example of the various timing signals generated during an experiment are shown
in Fig. 1 (inset).

Three exploratory experiments were performed in this work to illustrate our ability to obtain
spatially resolved images of dynamically compressed materials. Schematics of the experimental
conÞgurations are shown in Fig.2. Experiments 1 and 2 used aluminum projectiles to launch
300-µm stainless steel cylinders into vitreous carbon (VC) and boron carbide (BC) target plates,
respectively. The goal of these two experiments was to observe cylinder deformation during impact
and the subsequent material response of the target plate (cracking, spall, etc.). Experiment 3 used
an aluminum projectile to impact a micro-truss foam sample that was prepared using an optical
waveguide method14 to observe real-time compression of an engineered material. Nominal sample
dimensions for all experiments along the beam axis (z-axis) was 9 mm and the measured projectile
velocities were 0.619 km/s, 0.657 km/s, and 0.35 km/s for experiments 1, 2, and 3, respectively.

The experimental results are shown in Figs.3 and4. Pre-shot images are shown in the upper left
corner of each Þgure. The apparent layered structure visible in two of the pre-shot images (Fig.3)
is an artifact caused by sample tilt/rotation with respect to the beam direction. All images were
background-corrected and scale bars were produced using a calibrated gold grid (63.5µm) placed
in the beam. The image for experiment 1 (Fig.3 top) shows the cylinder penetrating the plate and
resulting in visible plastic deformation of the cylinder along with evidence of spallation and ejecta
in the vitreous carbon. In contrast, the image for experiment 2 (Fig.3 bottom) shows signiÞcant
plastic deformation of the cylinder with minimal penetration in the boron carbide plate. Additional
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FIG. 3. PCI data obtained during impact of a 300-µm diameter stainless steel cylinder into VC (top; experiment 1) and BC
plates (bottom; experiment 2). The pre-shot images (inset) show the cylinders at rest approximately 100µm from the impact
surface. The VC plate was approximately 0.5-mm thick and the BC plate was approximately 1-mm thick. Both images are
shown using false color to represent the intensity which better highlights some of the features within the target material.
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FIG. 4. PCI data obtained during impact of a foam sample (experiment 3). The dynamic data show the projectile entering
the Þeld-of-view while compressing the foam. The pre-shot image is shown in the upper left with the initial voids labeled for
comparison with the dynamic image. The foam sample was approximately 8-mm thick.

material response is evidenced by the propagation of cracks through the carbide. In experiment 3, an
aluminum projectile impacted the micro-lattice foam with approximate cell dimensions of 0.9-mm
in width and 1.1-1.4 mm in length. A portion of the truss lattice is visible in the pre-shot image
(Fig. 4; inset). The dynamic image (Fig.4) shows the projectile compacting the foam resulting in
the collapse of void 1 and partial collapse of voids 2 and 3.

The experimental results shown here clearly establish the dynamic phase contrast imaging
technique using a single X-ray bunch (80-ps fwhm) to capture synchronized dynamic events with
3 µm spatial resolution on nanosecond timescales. This new capability is expected to reveal novel
phenomena and to allow the examination of the rich underlying physics for materials subjected to
high strain rates. Applications include studies of material strength15 and failure,9 compaction,16,17

and hotspot formation in energetic materials.11 Experiments are underway to use dynamic PCI to
examine jet formation in metals, to perform high strain-rate Taylor cylinder impact, to observe
compaction of idealized borosilicate spheres, and to develop a multi-frame detector capability.
With such synchrotron-based platforms, dynamic shock experiments can fully exploit the unique
advantages of synchrotron X-ray sources for ultrafast imaging, diffraction and spectroscopy, and
for developing the necessary knowledge base for the best use of the next-generation photon sources
such as X-ray free electron lasers.
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Alex Deriy are gratefully acknowledged for their help with experimental setup and shot execution.
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Abstract. In-situ and postmortem observations of the dynamic tensile failure and damage 
evolution of high-density polyethylene (HDPE) are made during Dynamic-Tensile-Extrusion 
(Dyn-Ten-Ext) loading. The Dyn-Ten-Ext technique probes the tensile response of materials at 
large strains (>1) and high strain-rates (>105 s!1 ) by firing projectiles through a conical die. 
Postmortem sectioning elucidates a mechanism of internal damage inception and progression. 
X-ray computed tomography corroborates shear damage with cracks nearly aligned with the 
extrusion axis but separated by unfailed internal bridges of material. In-situ measurements of 
damage are made with the impact system for ultrafast synchrotron experiments (IMPULSE) 
using the advanced imaging X-ray methods available at the Advanced Photon Source. Multiple 
frame phase-contrast imaging (PCI) elucidates the evolution of damage features in HDPE 
during Dyn-Ten-Ext loading that is observed in postmortem sectioning and X-ray tomography. 

1.  Introduction  
Dynamic-Tensile-Extrusion (Dyn-Ten-Ext) is presented as a technique for investigating extreme 
tensile deformation and damage in polymers in conjunction with postmortem and in-situ 
characterization. The Dyn-Ten-Ext technique was developed at Los Alamos National Laboratory to 
examine extreme tensile conditions in metals [1,2] and has been extended to polymers including 
polytetrafluoroethylene [3Ð6], polychlorotrifluoroethylene [3Ð6], polyurea [6,7], polycarbonate [8], 
and high-density polyethylene (HDPE) [6,9,10] with postmortem characterization. It is especially 
attractive for probing tensile deformation and damage in polymers, which are ductile, highly strain-
rate sensitive and exhibit significant sensitivity to hydrostatic tension. The apparatus consists of a 
conical extrusion die that is fixed to the end of the gun barrel, forcing the specimen to extrude through 
it at a high velocity (figure 1 inset). The leading edge of the specimen is relatively unaffected by the 
extrusion process, but the aft portion rapidly decelerates inside the die, pulling the extruded ligament 
between the two ends in high strain-rate tension, typically to large strains and ultimately to failure. 
Finite element simulation of high-density polyethylene (HDPE) [6] undergoing Dyn-Ten-Ext predicts 
that the ligament achieves a true strain approaching 2 at a strain rates exceeding 105 s! 1 in the critical 
tensile section during extrusion (figure 1). Simulations using ALE3D of Dyn-Ten-Ext loading of 
polycarbonate have yielded equivalent extreme states of stress, strain and strain-rate [8]. 
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To this point, diagnosis of Dyn-Ten-Ext has been limited to high-speed photography and velocity 
measurements during the test followed by postmortem characterization. Recent experimental efforts at 
the Advanced Photon Source (Argonne, IL) have demonstrated the ability to use PCI and Laue 
diffraction to examine materials shock compressed using a gas-gun system [11Ð16]. The current work 
investigates industrial grade HDPE extruded sheet (Cope Plastics, Godfrey, IL) under Dyn-Ten-Ext 
loading with in-situ and postmortem observations. This material is the same pedigree as previously 
investigated by Brown et al. [6,9,10,17Ð18]. The density is 969.8 ± 1.4 kg m-3 as measured by He 
pycnometry, with a 134¡C melt temperature and 80.9% crystallinity based on differential scanning 
calorimetry. High-speed photography and postmortem characterization including optical microscopy 
on sectioned samples and X-ray tomography on recovered samples were performed at LANL, while 
in-situ PCI of dynamic phenomena at ns to " s timescales were performed at APS.  Recovered samples 
have been observed to have a nominal residual temperature above ambient but there is no indication of 
melting.  During continuum deformation any increase in temperature will offset the effect of 
increasing strain-rate on the flow stress under temperatureÐstrain-rate equivalency [17,19].  This effect 
could be amplified during localization associated with damage and failure processes. 

 

 

Figure 1. Simulation of 
Dyn-Ten-Ext for a 7.62 mm 
diameter HDPE sphere at 
447 m s! 1 and exit diameter 
of 2.8 mm shows the ability 
to achieve loadings above a 
strain of 2 and strain-rate of 
105 s! 1. See Furmanski et 
al. [6] for details. 

 

 
Figure 2. Sequences of images of Dyn-Ten-Ext with a 7.62 mm diameter HDPE sphere at (a) 
low, (b) intermediate, and (c) high velocity. Damage is (a) stable and limited, (b) stable and 
terminal, and (c) unstable and catastrophic. Red boxes illustrate the nominal size and location 
of the X-ray window at APS. 

2.  Dyn-Ten-Ext at LANL Taylor gun facility  
Dynamic-Tensile-Extrusion tests typically yield two categories of observable behavior: stable 
continuum deformation of an extruded jet and stochastic localization including damage, failure, or 
fragmentation. The stable bulk deformation is studied to verify continuum descriptions of material 
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behavior and develop continuum failure criteria, while the latter can be used to investigate dynamic 
instabilities and the final stages of damage progression. At lower driving velocities HDPE, extrudes a 
long stable extrusion (figure 2). Though some variation in cross-section can be observed along the 
length of the extrusion suggesting initiation of localization or necking, the extrusion arrests due to 
retained strength and stays intact. With increased velocity the behavior transitions from stable 
deformation to failure, first with a single fracture surface and at higher velocities diffuse catastrophic 
fragmentation. 

The progression of damage to failure is evident upon cross-section of the recovered specimens 
(figure 3), even in samples at lower velocity that appear intact from inspection of the outer surface. 
Damage progresses along a pseudo-axial path that links an internal flaw to the exterior edge of the 
specimen (figure 3a). Closer examination of the intact specimen (figure 3b) reveals an internal failure 
at the specimen axis in the form of a macroscopic chevron (shear-dominated) crack, which is followed 
by a shear-mode pullout of the core behind the flaw in a strain concentrating process. X-ray computed 
tomography reveals the damage mechanism to be a shear-cracking process (figure 3c). Both the 
localized shear-failure and diffuse crazing are processes strongly exacerbated by hydrostatic tension 
(compression would close cracks and prevent growth). However, postmortem characterization is not 
able to distinguish the temporal evolution of damage or isolate the deformation during the test from 
the posttest viscoelastic-viscoplastic relaxation of the polymer. 
 

 
Figure 3. Postmortem images of arrested damage in 7.62 mm diameter HDPE Dyn-Ten-Ext sample 
at 450 m s! 1. (a) Optical image of recovered specimen cross-section (note the specimen was cut in 
the plane normal to loading to remove it from the die). (b) Optical micrograph showing chevron 
tensile failure and shear damage. (c) X-ray computed tomography showing shear-mode cracks in 
damage region ahead of and behind chevron failure. Red boxes illustrate the nominal size and 
location of the X-ray window at APS. Extrusion direction is left to right in all images. 

3.  Dyn-Ten-Ext at APS IMPULSE  
The impact system for ultrafast synchrotron experiments, or IMPULSE, is a 12.6 mm bore light-gas 
gun designed specifically for performing dynamic compression experiments using the advanced 
imaging and X-ray diffraction methods available at synchrotron sources as introduced by Jensen et al. 
[11]. The multiple frame PCI capability, used here, has been demonstrated in previous investigations 
for acquiring dynamic data on the nanosecond time scale of the impact event with incident 80 ps X-ray 
pulses [13Ð15]. The following experiments were performed similarly at the APS Sector 32 beamline 
using the standard mode with the undulator gap and the sample-to-scintillator distance set to 30 mm 
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and 200 mm respectively. During experiments the X-rays transit through a evacuated target chamber, 
interact with the Dyn-Ten-Ext sample located at the muzzle of the gun, and impinge upon the 
detection system (scintillator and a detector) configured for phase contrast imaging that enhances 
imaging of edges or surfaces such as cracks, as described in detail elsewhere [16]. Unlike Dyn-Ten-
Ext tests performed at the LANL Taylor gun facility where the samples are size matched to the bore of 
the gun, a sabot and stripper design was incorporated with the die to allow Dyn-Ten-Ext tests to be 
performed on IMPULSE, as shown in figure 4. The sample is a 7.62 mm diameter hemisphere and the 
die has a 9¡ taper and 3.607 mm exit diameter. An optical beam interrupt at the die exit triggered 
diagnostics. The red square in figure 4 illustrates the nominal size and location of the X-ray PCI and 
nominally corresponds with the red boxes in figures 2 and 3 from data acquired with the LANL Taylor 
gun facility. In each case, the top of the 2.1 by 1.4 mm X-ray window was positioned approximately 
300 " m above the inner surface of the die exit to capture 60% of the extrusion radius (i.e., excluding 
the center-line region). Velocity of the sample through the barrel and extrusion process was measured 
by photonic Doppler velocimetry (PDV), as shown in figure 5, and replicated velocity profiles from 
HDPE Dyn-Ten-Ext tests performed at the LANL Taylor gun facility. 
 

 

Figure 4. Sabot and die assembly used to image 
internal tensile damage and failure processes in-
situ with PCI at the APS. An optical beam 
interrupt at the exit of the die triggered the 
diagnostics. PDV monitored travel of the HDPE 
hemisphere down the barrel and throughout the 
extrusion process. The red square illustrates the 
nominal size and location of the X-ray PCI. 

 

 

Figure 5. Representative PDV data 
recorded from the HDPE hemisphere 
during the Dyn-Ten-Ext experiment at 
APS on IMPULSE. PDV was used to 
monitor the hemisphereÕs travel 
through the barrel and extrusion 
process. The data points correspond to 
image times in figure 6. 

 
Figure 6 shows multiple-frame PCI from three separate experiments fired at approximately 

550 m s! 1, nominally corresponding to the high-speed photography in figure 2c. Average inter-frame 
velocities for the extrusion trip were determined from the PDV measured velocities in figure 5 and the 
PCI images offset in figure 6 by the distance calculated from the average inter-frame velocities and 
inter-frame times. In the case of a simple rigid body translation these offsets would allow 
reconstruction into a single long image. Dyn-Ten-Ext is much more complicated, where not only is the 
sample moving through the reference frame but is also deforming and damaging, as evident in 
figure 2. Therefore, the offset based on the extrusion tip velocity is at best a maximum offset. 
Figure 6aÐd (taken at the die exit, evident on the left edge of the image, 1.03 ± 0.153 " s after extrusion 
and at three 3.366 " s intervals thereafter) illustrates the breakdown of this shift. In all four PCI images 
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the dominant feature is the sloping sample edge near the top of image, which is self-similar suggesting 
a near steady-state extrusion process consistent with the high-speed optical photography in figure 2. 
Within the sample volume a number of lines are observed in the PCI images aligned with the extrusion 
direction. This apparent evolving meso-structure may be indicative of the diffuse crazing observed in 
figure 3. Since there are no particular features in either the sample edge or meso-structure that 
correlate from image to image, both the bulk deformation and damage seem to be dominated by the 
proximity of the die boundary condition. Conversely, figure 6eÐh taken approximate three die 
diameters from die exit illustrates the utility of this shift (taken 10.16 mm from the die exit 21.233 ± 
0.153 " s after extrusion and at three 5.049 " s intervals thereafter). The sample edges in all four PCI 
images lineup up in a continuous undulation suggesting a nearly rigid body bulk deformation, again 
consistent with the high-speed optical photography in figure 2. Short white lines are added between 
the images to aid in guiding the eye. Within the sample volume, the meso-structure lines are clearer 
and more complex in the PCI than near the die. This is particularly true in the bottom portion of the 
PCI images nearer to the centerline of the extrusion where nucleation and growth of macro-scale 
fracture was observed in figure 3. Finally, figure 6iÐl (taken 10.16 mm from the die exit 
33.638 ± 0.153 " s after extrusion and at three 5.049 " s intervals thereafter) shows no indication of the 
sample edge but does feature fragmentation consistent in size and shape with figure 2, suggesting the 
sample has failed and the images are primarily of free space between the fore part of the sample that is 
in free flight and the aft part of the sample contained in the die.  The stochastic nature of damage and 
potential for this gap during failure are consistent with high-speed photography in other experiments. 
 

 
Figure 6. Multiple-frame PCI from three separate experiments fired at 550 m s! 1. In (aÐd) PCI 
was taken at the die exit. In (eÐf) and (iÐl) PCI was taken 10.16 mm from the die exit in two 
separate experiments. 

4.  Conclusions 
The Dynamic-Tensile-Extrusion technique is a relatively simple and effective experimental approach 
for studying the high strain-rate and large-strain constitutive behavior of materials, with a particular 
potential for ductile polymers that exhibit both high strain-to-failure and strong sensitivity to strain-
rate. Both deformation and failure phenomena under extreme mechanical conditions can be directly 
observed in Dyn-Ten-Ext, which in turn enable inference of the phenomena driving damage and 
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failure in the material. As an integrated test with complicated stress, strain, and strain-rate gradients, 
with simple well-defined boundary conditions, Dyn-Ten-Ext is well suited for the refinement and 
validation of material models under extreme conditions. Combining the novel loading and in-situ 
observation from PCI with IMPULSE at APS has great potential to extend the spatial and temporal 
understanding of damage nucleation and growth in the extreme tensile loading regime. 
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Chapter 10
In Situ and Postmortem Measures of Damage in Polymers
at High Strain-Rates

E.N. Brown, K.J. Ramos, D.M. Dattelbaum, B.J. Jensen, A.J. Iverson, C.A. Carlson, K. Fezzaa,
G.T. Gray III, B.M. Patterson, C.P. Trujillo, D.T. Martinez, T.H. Pierce, and J. Furmanski

Abstract SigniÞcant progress has been made in the in situ and postmortem observations of the dynamic tensile failure and
damage evolution of a range of polymers employing Taylor anvil and Dynamic-Tensile-Extrusion (Dyn-Ten-Ext) loading.
The classic Taylor anvil technique involves impacting a right-cylinder against a semi-inÞnite rigid anvil to access large
compressive strains (> 1) and high strain-rates (> 1,000/s). The Dyn-Ten-Ext technique probes the tensile response of
materials at large strains (> 1) and high strain-rates (> 1,000/s) by Þring projectiles through a conical die. Depending on the
extrusion ratios and velocities damage varies from bulk deformation with substantial internal damage, to a stable jet with
Þnite particulation, to catastrophic fragmentation. Postmortem sectioning and X-ray computed tomography access
mechanisms of internal damage inception and progression. In situ measurements of damage are made with the impact
system for ultrafast synchrotron experiments (IMPULSE) using the advanced imaging and X-ray diffraction methods
available at the Advanced Photon Source. The time resolved phase-contrast imaging elucidates the evolution of damage
features during dynamic loading that is observed in post mortem sectioning and tomography.

Keywords Dynamic-Tensile-Extrusion ¥ DTE ¥ Large strain ¥ Polyethylene ¥ Extreme loading

10.1 Introduction

Dynamic-Tensile-Extrusion (Dyn-Ten-Ext) is presented as a technique for investigating extreme tensile deformation and
damage in polymers in conjunction with postmortem and in situ characterization. The Dyn-Ten-Ext technique was
developed at Los Alamos National Laboratory to examine extreme tensile conditions in metals [1, 2] and has been extended
to polymers including polytetraßuoroethylene [3Ð6], polychlorotrißuoroethylene [3Ð6], polyurea [6, 7], polycarbonate [8],
and high-density polyethylene (HDPE) [6, 9, 10] with postmortem characterization. It is especially attractive for probing
tensile deformation and damage in polymers, which are ductile, highly strain-rate sensitive and exhibit signiÞcant sensitivity
to hydrostatic tension. The apparatus consists of a conical extrusion die that is Þxed to the end of the gun barrel, forcing the
specimen to extrude through it at a high velocity (Fig.10.1inset). The leading edge of the specimen is relatively unaffected
by the extrusion process, but the aft portion rapidly decelerates inside the die, pulling the extruded ligament between the two
ends in high strain-rate tension, typically to large strains and ultimately to failure. Finite element simulation of high-density
polyethylene (HDPE) [6] undergoing Dyn-Ten-Ext predicts that the ligament achieves a true strain approaching two at a
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strain rates exceeding 105 s� 1 in the critical tensile section during extrusion (Fig.10.1). Simulations using ALE3D of
Dyn-Ten-Ext loading of polycarbonate have yielded equivalent extreme states of stress, strain and strain-rate [8].

To this point, diagnosis of Dyn-Ten-Ext has been limited to high-speed photography and velocity measurements during
the test followed by postmortem characterization. Recent experimental efforts at the Advanced Photon Source (Argonne, IL)
have demonstrated the ability to use PCI and Laue diffraction to examine materials shock compressed using a gas-gun
system [11Ð15]. The current work investigates industrial grade HDPE extruded sheet (Cope Plastics, Godfrey, IL) under
Dyn-Ten-Ext loading with in situ and postmortem observations. This material is the same pedigree as previously
investigated by Brown et al. [6, 9, 10, 16, 17]. The density is 969.8� 1.4 kg m� 3 as measured by He pycnometry, with a
134� C melt temperature and 80.9 % crystallinity based on differential scanning calorimetry. High-speed photography and
postmortem characterization including optical microscopy on sectioned samples and X-ray tomography on recovered
samples were performed at LANL, while in situ PCI of dynamic phenomena at ns to� s timescales were performed at
APS. Recovered samples have been observed to have a nominal residual temperature above ambient but there is no
indication of melting. During continuum deformation any increase in temperature will offset the effect of increasing
strain-rate on the ßow stress under temperatureÐstrain-rate equivalency [16, 18]. This effect could be ampliÞed during
localization associated with damage and failure processes.

10.2 Dyn-Ten-Ext at LANL Taylor Gun Facility

Dynamic-Tensile-Extrusion tests typically yield one of multiple categories of observable behaviour. Perhaps the two most
interesting are stable continuum deformation of an extruded jet and stochastic localization including damage, failure, or
fragmentation. The stable bulk deformation is studied to verify continuum descriptions of material behavior and develop
continuum failure criteria, while the latter can be used to investigate dynamic instabilities and the Þnal stages of damage
progression. At lower driving velocities HDPE, extrudes a long stable extrusion (Fig.10.2). Though some variation in cross-
section can be observed along the length of the extrusion suggesting initiation of localization or necking, the extrusion
arrests due to retained strength and stays intact. With increased velocity the behavior transitions from stable deformation to
failure, Þrst with a single fracture surface and at higher velocities diffuse catastrophic fragmentation. The observable
behaviours are determined by the velocity of the sphere and extrusion strain. As shown in Fig.10.3a threshold velocity
the sphere is arrested in the die. Above the threshold velocity and for small extrusion strains the sphere passes through the die
with negligible deformation and no observable damage. Above the threshold velocity and for large extrusion strains
the sphere deforms beyond the die exit with signiÞcant plastic deformation prior to arresting. As the velocity increases
the controlled rupture and ultimately fragmentation are observed.

Fig. 10.1 Simulation of Dyn-Ten-Ext for a 7.62 mm diameter HDPE sphere at 447 m s� 1 and exit diameter of 2.8 mm shows the ability to achieve
loadings above a strain of 2 and strain-rate of 105 s� 1. See Furmanski et al. [6] for details
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The progression of damage to failure is evident upon cross-section of the recovered specimens (Fig.10.4), even in
samples at lower velocity that appear intact from inspection of the outer surface. Damage progresses along a pseudo-axial
path that links an internal ßaw to the exterior edge of the specimen (Fig.10.4a). Closer examination of the intact specimen
(Fig. 10.4b) reveals an internal failure at the specimen axis in the form of a macroscopic chevron (shear-dominated) crack,
which is followed by a shear-mode pullout of the core behind the ßaw in a strain concentrating process. X-ray computed
tomography reveals the damage mechanism to be a shear-cracking process (Fig.10.4c). Both the localized shear-failure and
diffuse crazing are processes strongly exacerbated by hydrostatic tension (compression would close cracks and prevent
growth). However, postmortem characterization is not able to distinguish the temporal evolution of damage or isolate the
deformation during the test from the posttest viscoelasticÐviscoplastic relaxation of the polymer.

Fig. 10.2 Sequences of images of Dyn-Ten-Ext with a 7.62 mm diameter HDPE sphere at (a) low, (b) intermediate, and (c) high velocity. Damage
is (a) stable and limited, (b) stable and terminal, and (c) unstable and catastrophic.Red boxesillustrate the nominal size and location of the X-ray
window at APS

5,00,000

4,50,000

4,00,000

3,50,000

3,00,000

Passes through
the die

Fragments
Subtract Pass-Through KE

Pass-Through

Ruptures

Stopped in die

Extrusion True Strain Extrusion True Strain

Deformed beyond the die

2,50,000

V
el

oc
ity

2  (
m

/s
)2

V
el

oc
ity

2  (
m

/s
)2

2,00,000

1,50,000

1,00,000

50,000

0

5,00,000

4,50,000

4,00,000
2 main fragments
KE~4,00,000 (m/s)2

2 main fragments
KE~74,000 (m/s)2

250 m/s terminal
vel.
KE~63,000 (m/s)2

3,50,000

3,00,000

2,50,000

2,00,000

1,50,000

1,00,000

50,000

0
0.9 1.1 1.3 1.5 1.7 1.9 2.1 0.9 1.1 1.3 1.5 1.7 1.9 2.1

No Ext

PT Intact

Rupture

PT Rupture

Fragmentation

PT Frag

PT Int-KE

PT Fail-KE

Intact no white

Intact

Fig. 10.3 Typical categories of observable behaviour from Dynamic-Tensile-Extrusion tests illustrated schematically on theleft and with
experimental data on theright
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10.3 Dyn-Ten-Ext at APS IMPULSE

The impact system for ultrafast synchrotron experiments, or IMPULSE, is a 12.6 mm bore light-gas gun designed
speciÞcally for performing dynamic compression experiments using the advanced imaging and X-ray diffraction methods
available at synchrotron sources as introduced by Jensen et al. [11]. The multiple frame PCI capability, used here, has been
demonstrated in previous investigations for acquiring dynamic data on the nanosecond time scale of the impact event with
incident 80 ps X-ray pulses [13Ð15]. The following experiments were performed similarly at the APS Sector 32 beamline
using the standard mode with the undulator gap and the sample-to-scintillator distance set to 30 and 200 mm respectively.
During experiments the X-rays transit through a evacuated target chamber, interact with the Dyn-Ten-Ext sample located at
the muzzle of the gun, and impinge upon the detection system (scintillator and a detector) conÞgured for phase contrast
imaging that enhances imaging of edges or surfaces such as cracks. Unlike Dyn-Ten-Ext tests performed at the LANL Taylor
gun facility where the samples are size matched to the bore of the gun, a sabot and stripper design was incorporated with the
die to allow Dyn-Ten-Ext tests to be performed on IMPULSE, as shown in Fig.10.5. The sample is a 7.62 mm diameter
hemisphere and the die has a 9� taper and 3.607 mm exit diameter. An optical beam interrupt at the die exit triggered
diagnostics. The red square in Fig.10.5illustrates the nominal size and location of the X-ray PCI and nominally corresponds
with the red boxes in Figs.10.2and10.4from data acquired with the LANL Taylor gun facility. In each case, the top of the
2.1 by 1.4 mm X-ray window was positioned approximately 300� m above the inner surface of the die exit to capture 60 % of
the extrusion radius (i.e., excluding the center-line region). Velocity of the sample through the barrel and extrusion process
was measured by photonic Doppler velocimetry (PDV), as shown in Fig.10.6, and replicated velocity proÞles from HDPE
Dyn-Ten-Ext tests performed at the LANL Taylor gun facility.

Figure 10.7 shows multiple-frame PCI from three separate experiments Þred at approximately 550 m s� 1, nominally
corresponding to the high-speed photography in Fig.10.2c. Average inter-frame velocities for the extrusion trip were
determined from the PDV measured velocities in Fig.10.6and the PCI images offset in Fig.10.7by the distance calculated
from the average inter-frame velocities and inter-frame times. In the case of a simple rigid body translation these offsets
would allow reconstruction into a single long image. Dyn-Ten-Ext is much more complicated, where not only is the sample
moving through the reference frame but is also deforming and damaging, as evident in Fig.10.2. Therefore, the offset based

Fig. 10.4 Postmortem images of arrested damage in 7.62 mm diameter HDPE Dyn-Ten-Ext sample at 450 m s� 1. (a) Optical image of recovered
specimen cross-section (note the specimen was cut in the plane normal to loading to remove it from the die). (b) Optical micrograph showing
chevron tensile failure and shear damage. (c) X-ray computed tomography showing shear-mode cracks in damage region ahead of and behind
chevron failure.Red boxesillustrate the nominal size and location of the X-ray window at APS. Extrusion direction isleft to right in all images
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on the extrusion tip velocity is at best a maximum offset. Figure10.7aÐd(taken at the die exit, evident on the left edge of the
image, 1.03� 0.153� s after extrusion and at three 3.366� s intervals thereafter) illustrates the breakdown of this shift. In all
four PCI images the dominant feature is the sloping sample edge near the top of image, which is self-similar suggesting a
near steady-state extrusion process consistent with the high-speed optical photography in Fig.10.2. Within the sample
volume a number of lines are observed in the PCI images aligned with the extrusion direction. This apparent evolving meso-
structure may be indicative of the diffuse crazing observed in Fig.10.4. Since there are no particular features in either the
sample edge or meso-structure that correlate from image to image, both the bulk deformation and damage seem to be
dominated by the proximity of the die boundary condition. Conversely, Fig.10.7eÐhtaken approximate three die diameters
from die exit illustrates the utility of this shift (taken 10.16 mm from the die exit 21.233� 0.153� s after extrusion and at
three 5.049� s intervals thereafter). The sample edges in all four PCI images lineup in a continuous undulation suggesting a
nearly rigid body bulk deformation, again consistent with the high-speed optical photography in Fig.10.2. Short white lines
are added between the images to aid in guiding the eye. Within the sample volume, the meso-structure lines are clearer and
more complex in the PCI than near the die. This is particularly true in the bottom portion of the PCI images nearer to the
centerline of the extrusion where nucleation and growth of macro-scale fracture was observed in Fig.10.4. Finally,
Fig. 10.7iÐl(taken 10.16 mm from the die exit 33.638� 0.153� s after extrusion and at three 5.049� s intervals thereafter)
shows no indication of the sample edge but does feature fragmentation consistent in size and shape with Fig.10.2, suggesting
the sample has failed and the images are primarily of free space between the fore part of the sample that is in free ßight and
the aft part of the sample contained in the die. The stochastic nature of damage and potential for this gap during failure are
consistent with high-speed photography in other experiments.

Fig. 10.5 Sabot and die assembly used to image internal tensile damage and failure processes in situ with PCI at the APS. An optical beam
interrupt at the exit of the die triggered the diagnostics. PDV monitored travel of the HDPE hemisphere down the barrel and throughout the
extrusion process. Thered squareillustrates the nominal size and location of the X-ray PCI

Fig. 10.6 Representative PDV data recorded from the HDPE hemisphere during the Dyn-Ten-Ext experiment at APS on IMPULSE. PDV was
used to monitor the hemisphereÕs travel through the barrel and extrusion process. The data points correspond to image times in Fig.10.7
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10.4 Conclusions

The Dynamic-Tensile-Extrusion technique is a relatively simple and effective experimental approach for studying the high
strain-rate and large-strain constitutive behavior of materials, with a particular potential for ductile polymers that exhibit
both high strain-to-failure and strong sensitivity to strain-rate. Both deformation and failure phenomena under extreme
mechanical conditions can be directly observed in Dyn-Ten-Ext, which in turn enable inference of the phenomena driving
damage and failure in the material. The observed behaviour is dependent on the sphere velocity and extrusion strain. As an
integrated test with complicated stress, strain, and strain-rate gradients, with simple well-deÞned boundary conditions, Dyn-
Ten-Ext is well suited for the reÞnement and validation of material models under extreme conditions. Combining the novel
loading and in situ observation from PCI with IMPULSE at APS has great potential to extend the spatial and temporal
understanding of damage nucleation and growth in the extreme tensile loading regime.
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Controlling shockwave dynamics using architecture in periodic porous
materials
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Additive manufacturing (AM) is an attractive approach for the design and fabrication of structures
capable of achieving controlled mechanical response of the underlying deformation mechanisms.
While there are numerous examples illustrating how the quasi-static mechanical responses of poly-
mer foams have been tailored by additive manufacturing, there is limited understanding of the
response of these materials under shockwave compression. Dynamic compression experiments cou-
pled with time-resolved X-ray imaging were performed to obtain insights into thein situ evolution
of shockwave coupling to porous, periodic polymer foams. We further demonstrate shock wave
modulation or “spatially graded-�ow” in shock-driven experiments via the spatial control of layer
symmetries afforded by additive manufacturing techniques at the micron scale.VC 2017 Author(s).
All article content, except where otherwise noted, is licensed under a Creative Commons
Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
[http://dx.doi.org/10.1063/1.4978910]

INTRODUCTION

Control of materials function via control of structure and
defects, or the concept of “materials by design,” holds prom-
ise for novel materials tailored to meet the requirements of an
intended application.1–3 A variety of advanced manufacturing
techniques have been recently developed to tailor material
structure during fabrication, including spray and electron
beam deposition, laser energy focusing, and micro- or nano-
machining to name a few. Many of these techniques couple to
speci�c material properties (such as melting point), and are
therefore limited in their applicability to broad classes of
materials, and in their ability to achieve controlled structure at
micron to sub-micron length scales. Hierarchical assembly is
an attractive means of achieving unprecedented material
properties via control of structure across decades in length
scale. Numerous examples exist in both natures, and more
recently, by an ability to deposit and control porosity and par-
ent material structures through additive manufacturing (AM).
Speci�cally, polymer foams have been explored for applica-
tions4,5 in the aerospace and defense industries that include
structural support, vibration dampening, and shockwave miti-
gation. Although the overall porosity or relative density can
be controlled in stochastic foams to some degree through
synthesis and foaming methods, a lack of structural control
at the micro-to-mesoscale makes it challenging to control
deformation mechanisms at the relevant length scales (nm-to-
l m) which ultimately dictate continuum-level properties.
Through AM, polymer-based foams have been realized
which exhibit unprecedented stiffness-to-weight ratios, tailor-
able load–de�ection responses, and novel “metamaterial”
properties such as negative Poisson ratios (“auxetics”) under

uniaxial quasi-static compression through hierarchical assem-
bly and manipulation of the underlying physical deformation
mechanisms.6–13 Furthermore, concepts for designing materi-
als with spatial gradations in structure were developed for use
in thermal barrier materials in the 1980s.14,15 Since then, func-
tionally graded materials have become a cornerstone of mod-
ern materials research with applications in defense, energy,
aerospace, and medical sectors.

Additive manufacturing by digital 3-dimensional (3-D)
printing allows for layer-by-layer fabrication of multi-
dimensional assemblies with precise control of structural
features.16 By assembling materials in this fashion, organiza-
tion of strut and node topologies may be used to control the
mesoscale deformation mechanisms activated under load.
The recent proliferation of additive manufacturing initiatives
has largely been driven by the advent of 3-D printing
technologies that have greatly broadened the scope of print-
able materials at dramatically reduced costs. While there
are numerous examples illustrating how the quasi-static
mechanical responses of polymer foams have been tailored
by additive manufacturing, there is limited understanding
of the response of these materials under shockwave compres-
sion.17,18 Furthermore, there have been few examples of
in situ measurements of high rate yield behavior, wave
dynamics, or wave front homogeneity (localization) within
shock-loaded porous polymer foams. The majority of poly-
mer foam shockwave information has come from bulk meas-
urements of shockwave transit through the material. Here,
we illustrate for the �rst time how shockwave dynamics
can be modulated and controlled at micron-length scales in
AM periodic porous polymer structures usingin situ, time-
resolved x-ray phase contrast imaging at the Advanced
Photon Source. Further, we demonstrate how functionally
graded structures can be used to modify shockwave dynam-
ics over (< 400l m) lengths. Our work builds on the recent
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observations that during dynamic compression experiments
of AM engineered lattice materials, an elastic de�ection of
the structure is observed ahead of the compaction of the lat-
tice versus no elastic deformation in a stochastic structured
material.18 This previous work and the results shown here
are the �rst steps towards controlling dynamic material
behavior at the mesoscale, which opens up the possibility of
designing and engineering material properties to precisely
meet the demands of the intended application.

RESULTS AND DISCUSSION

3-D printed polymer architectures were prepared in sim-
ple cubic (SC) and face-centered tetragonal (FCT) layer sym-
metries from a polydimethylsiloxane adhesive elastomer
using a direct ink write method (Fig.1(a)). Samples com-
prised 11 printed layers with a �lament center-to-center
spacing of� 440l m (strut diameters of� 220l m). The elas-
tomeric architectures were previously developed by Duoss
et al., and their measured and simulated quasi-static compres-
sive responses were reported previously.19 In the SC-like
structure, the struts or �laments are parallel to one another in
the xy plane, the subsequent layer orthogonal to the �rst, and
every other layer in the z-direction aligned. In the FCT struc-
ture, every other layer is offset by half of the �lament center-
to-center spacing, creating a staggered layer symmetry. Under
quasi-static compression, the load–de�ection responses were
found to be dominated by the layer symmetry and strut
overlap, with the SC structure exhibiting a higher initial com-
pressive strength, until the structure becomes unstable and
buckles, resulting in a stress plateau prior to further stiffening
at high strains that commensurate with the densi�cation
regime. In addition to SC and FCT architectures, a function-
ally graded elastomer was prepared with 4 layers of SC struc-
ture and 4 layers of FCT repeat units, oriented for shockwave
propagation from the SC repeat units into the FCT units.

Shock compression experiments20,21 were designed so
that a direct comparison could be made between traditional

shockwave diagnostics (wave arrival times and optical
velocimetry) and in situ X-ray phase contrast imaging
(PCI). The print integrity of the micro-lattice samples
(� 2 mm� 35 mm� 35 mm) was measured using x-ray
computed tomography,22 Fig. 1(b) and in more detail Fig. 1S
(supplementary material). The foams were trimmed into
individual targets (� 2 mm� 5 mm� 8.25 mm) and epoxied
(Angstrom Bond) to a PMMA window (3 mm� 5 mm
� 8.25 mm) with a 0.8l m Al mirror deposited on the foam/
PMMA interface. A 0.5 mm thick Cu impact plate was
af�xed to the opposing surface of the micro-lattice sample to
act as a drive plate, Fig.2(a), and the assembly was secured
in the target holder. Similar targets were fabricated for
simple cubic, face-centered tetragonal and graded architec-
tures. Three photonic Doppler velocimetry (PDV) collimated
probes (AC Photonics) were used to measure the incoming
projectile velocity (u0, PDV 1 in Fig.2(a)), shock breakout
into the foam at the Cu drive plate/foam interface (PDV 2,
Fig. 2(a)), and the wave pro�le at shock breakout at the
foam/PMMA interface (PDV 3, Fig.2(a)). Finally, a piezo-
electric impact pin (Dynasen, Inc.) was used to synchronize
the impact event, the incident X-ray beam, and the detectors.

Shock waves were generated in the AM architectures
(Fig. 1(c)) by impact using the IMPact system for the
ULtrafast Synchrotron Experiments (IMPULSE) at the
Advanced Photon Source (Argonne, IL). X-ray phase imaging
was used to obtain time-resolved images of the shock wave as
it propagated through the AM samples with 2–3l m spatial
resolution.23–25 80-ps width X-ray bunches (E¼256 0.9 keV,
k ¼0.05 nm) spaced 153.4 ns apart were transmitted through
the samples and detected using a LuAg:Ce (Lu3Al5O12:Ce)
scintillator optically coupled to four independent image inten-
si�ed charge coupled device (ICCD) detectors (Princeton
Instruments) to provide 4–8 X-ray images per experiment.

Multi-frame X-ray Phase Contrast Imaging (PCI) was
used to observe the shock wave coupling with the AM foam
architectures using the 24-bunch mode of the synchrotron.23

Plate impact experiments were performed on SC, FCT, and

FIG. 1. Schematic layout of the experi-
mental process of additive manufactur-
ing of hierarchical structured materials
for dynamic x-ray phase contrast imag-
ing experiments using the IMPULSE
platform at Sector 32 ID-B at the
Advanced Photon Source. 3-D printed
foams were prepared by direct ink
write methods (a), and print integrity
was characterized by micro-x-ray com-
puted tomography (b). A symmetric
condition of an OFHC-Cu impactor
onto an OFHC-Cu drive plate was used
to introduce a planar supported shock
into the AM foam samples (c).
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graded architectures each nearly-matched in impact velocity
u0 � 0.7 km/s (TableI). Additional experiments were per-
formed atu0 � 0.3 and 0.5 km/s, but are not reported here in
detail. Fig.2 shows 4 sequential frames from SC (top) and
FCT (bottom) structures. The times reported below the
images are relative to the pin trigger time for each experi-
ment, which are arbitrary. Fig. 2S (supplementary material)
shows the cross-timed PDV data and the relative ICCD
detector frames with their respective rate for the simple
cubic architecture.

In the SC architecture, the initial shockwave couples to
the periodic strut structure at the Cu base plate with non-
planar stress localization between the struts resulting in the
ejection of the elastomer from the free surface of the �la-
ments (supplementary materialMovie 1S). The ejecta
promptly (< 100 ns) consolidates into an articulated jet that
propagates at a velocity greater than the free surface velocity
Ujet > 2up � ufs due to non-uniaxial strain, and focusing of
the shock-driven �ow between the struts. Jet formation was
observed at several impact velocities spanning
u0¼0.3–0.7 km/s. A single frame from an experiment at
u0¼0.313 km/s is shown in Fig.2 (top right) at an earlier
stage of jet consolidation, and shows the articulation of jet
formation similar to the double “humped” structure into the
focused jet observed at t¼4.967l s in the higher velocity
experiment. Within� 200 ns and� 200l m, the large strains
affect jet break-up and material disintegration as seen both in
loss of jet integrity, as well as lower contrast due to loss of
material. The jet velocityUjet ¼2.4846 0.035 mm/l s is
more than 2 times faster than the bulk compaction wave
speedUs,pl¼1.1726 0.060 mm/l s.

By contrast, in the FCT architecture jetting is thwarted by
an inability to consolidate and propagate between struts due to
the staggering of the layer symmetry in thex-direction, and

the result is a modulation of the shockwave into a shaped
sinusoidal wave front (supplementary materialMovie 2S).
This is most clearly observed in Fig.2 (bottom right), for a
lower velocity experiment withu0¼0.309 km/s. This is the
�rst direct measurement of shock wave modulation via the
microstructural control afforded by additive manufacturing
techniques in elastomer foams.

Shockwave experiments were designed to obtain direct
measurement of shock and particle velocities via PCI, as
well as by traditional velocimetric techniques. TableI sum-
marizes measured and calculated shock states for three
experiments using two foam architectures. Using the PCI
images, thein-material particle velocity,up,pl, of the com-
paction wave was measured by the motion of the Cu base-
plate/foam interface. An edge-�nding algorithm was used to
locate the position of the interface in the images. The posi-
tions of the foam �laments allow for the determination of the
compaction shockwave velocity,Us,pl, from the decrease in
x-ray transmission associated with densi�cation behind the
compacted wavefront.26 The compaction wave parameters
obtained by analysis of the PCI images are given in TableI.
Using traditional techniques, the arrival of the input and
transmitted shockwave in the foams was measured by two
cross-timed photonic Doppler velocimetry probes at the Cu
baseplate and foam/PMMA windowed interface. In the PDV
spectrograms, evidence of a low pressure elastic precursor
was observed that could not be detected in the PCI images
(Fig. 3S (supplementary material)). Standard multiple wave
analysis27 was performed to determine the particle velocity,
shock wave velocity, and longitudinal stress for the elastic
and plastic states. The shock amplitude of the elastic precur-
sor was found to be negligible (P� 0.1 GPa), and commen-
surate with the quasi-static compressive yield strengths of
the SC and FCT structures.19 The bulk shock states, TableI,

FIG. 2. Dynamic x-ray phase contrast images of shockwave propagation and compaction phenomena in simple cubic and face-centered tetragonal foam archi-
tectures. (Top) Shockwave coupling to SC structures results in jetting of the elastomer between the struts and break-up of the polymer at large elongation
strains. (Bottom) Jetting is thwarted in the FCT architecture, and a sinusoidal shock wave is formed within the structure. At right, selected frames from experi-
ments on SC and FCT foams at lower impact velocities illustrating the consistency in the localization phenomena at lower velocities.
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are nearly identical for SC and FCT structures, which is
expected given the same parent material and relative initial
densities. Yet PCI reveals how the wave dynamics at the
micron length scale are dramatically modulated by structure.

To gain insight into the compression of the AM foams
and localization phenomena in detail, the shock compression
experiments were modeled using the commercial Finite
Element Method (FEM) simulation code ABAQUS.29 This
code incorporated the material response described by a
Mie–Gr uneisen linearUs-up equation of state (EOS) and a
Maxwell viscoelastic model. No failure model was used at
this time. Relevant material parameters (the material used
here is proprietary) were obtained from the work of Winter
et al.30 and work performed at the Los Alamos National
Laboratory31 on silica-�lled polymer (Sylgard 184TM),
which we assume approximates the AM foams studied here
(See Table 1S). The two structures (SC and FCT) were dis-
cretized into tetrahedron elements with the diameter of the
struts approximately 200l m, and the element number for the
entire sample typically between 1 and 2 million elements.

The numerical results for an impact speed ofu0¼0.7 km/s
are shown in Figs.3 and4 with more detail shown in Figs. 5S
(SC) and 6S (FCT) (supplementary material). In Fig. 3, the
material density is plotted using the colormap where density is
increasing from blue to red. The calculated particle velocity
wasup¼0.7 km/s and the shock velocity wasUs¼1.3 km/s, in
close agreement with the experiment. The analysis shows that
for the SC structure, high deformation occurs in the regions
between the struts leading to simulated “jetting” similar to that
observed in the experiments. Initiated as two distinct protru-
sions (Fig.3(a)), as the polymer is forced between the struts
in the adjacent higher layers, a single jet is formed as the two
come into contact (Fig.3(b)). The sharpness of the jet is a
strong function of the shear viscoelastic behavior of the poly-
mer. That is, the jetting is associated with the shear response at
high strain rate. The softer the material, the more pronounced
the jetting. In the FCT structure, jetting was not observed, as
the deformation of the struts was blocked by the layer symme-
try. In this case a sinusoidal region was observed behind the
shock front. As shown in the �gures it is distinguished by hav-
ing a lower than expected density (Fig.3(c)), similar to that
observed in the experiments.

In addition to the numerical analysis, areal density was
extracted from the PCI images with distinct wave character-
istics. Both the x-ray attenuation as well as gradients in the
x-ray phase of the sample contribute to contrast in the PCI
image formation as the x-rays propagate beyond the object
to the detector plane.32–34 For an object composed of a single
material, both the attenuation and phase are related to the
line-integrated areal densityqT (g/cm2), whereq and T are
the mass density and projected thickness. The areal density
can be reconstructed from a single PCI image by solving the
transport of intensity (TIE) equation,35 detailed in thesup-
plementary material. Corresponding contour plots of areal
density are shown in Fig.3 and in more detail in Fig. 7S
(supplementary material). The reconstructed areal density is
accurate to 1st order only since the TIE is a geometric optics
approximation to the complete scalar diffraction theory.T
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In Fig. 4 the strain distribution is shown for both structures
SC and FCT taken at the same simulation time after impact.
One can note that large tensile strains exist in localized regions
(ezz � 2:0Þ, thus simulating the “jetting” in the SC structure
(Fig. 4(a)). This behavior was not observed in the FCT struc-
ture (Fig.4(b)). In the numerical simulations, behind the shock
front, a spatial non-uniform pressure distribution was observed
with an average valueP � 0:5GPa in the struts. Within the
jets, the local tensilestress reached values ofr zz � 0:3 GPa,
with an average density ofq � 0:75 g=cm3.

From the PCI experiments and simulations of the SC
and FCT structures, AM structures offer a promising means

of tuning the shock-driven �ow at the mesoscale. Graded
materials exhibit unique properties and/or functionality not
achievable in traditional stochastic structures and can pro-
vide a mechanism of tailoring shock properties for response
such as detonation reactive �ow, reactivity, or spatial control
of shock-driven �ow; e.g., shockwave metamaterials.36

To demonstrate these principles at micron length scales, a
graded SC-FCT structure was prepared and shocked at a
similar shock input condition to the SC and FCT architec-
tures. Fig.5 shows the PCI images and wave dynamics in
the graded structure consisting of 4 layers of SC structure
and 4 layers of FCT structure repeated through the part

FIG. 3. Numerical analysis of impacted
AM elastomers describing the shock
dynamics observed in PCI and the
reconstructed areal density from each
respective PCI image. Finite element
method simulations (ABAQUS) show-
ing density (left) with the correspond-
ing PCI for simple cubic where jetting
is initiated as two distinct protrusions
(a) and a single jet is formed as the
two come into contact (b), whereas for
the face-centered tetragonal architecture
jetting was not observed, as the defor-
mation of the struts is blocked by the
layer symmetry (c). The respective con-
tour plots of areal density are shown for
both architectures.

FIG. 4. Strain distribution in the z-
direction, occurring at early (top) and
later (bottom) times after impact in the
((a) and (c)) simple cubic and ((b) and
(d)) face-centered tetragonal structures.
Large tensile strains exist in localized
regions simulating the “jetting” in the
SC structure, while these regions are
minimal in the FCT architecture.

135102-5 Branch et al. J. Appl. Phys. 121, 135102 (2017)



(supplementary materialMovie 3S). PCI shows jets initially
forming as seen previously in the SC structure, but as the
bulk wave propagates between structures, the jets are sup-
pressed and the compaction wave morphology shapes into
the characteristic sinusoidal wave of the FCT architecture.
As seen previously, at time 5.054l s the two protrusions of
the �lament ejecting into the subsequent layer is re-
established as the structure changes back to SC. This is the
�rst report to our knowledge of graded control of shockwave
dynamics at the micron scale.

CONCLUSION

Modifying the shockwave properties within a material
through induced microstructure provides a means to the
design and fabrication of superior protective materials imple-
mented in personal armor, impact zones in cars, or protective
shielding in aviator or space vehicle applications, where the
shock may be dispersed or dissipated depending on the
design. It is also envisioned that this approach may be
applied to explosive design through microstructured archi-
tectures to exploit detonation wave acceleration or tailored
shock sensitivity.37 Recent advances in 3-D additive
manufacturing techniques matched in length scale with the
spatial resolution of dynamic x-ray phase contrast imaging
has provided both unprecedented insights into and control of
shockwave dynamics and compaction phenomena in elasto-
meric foams.

DETAILED EXPERIMENTAL METHODS

Additive manufacturing

Micro-lattice Elastomer Fabrication: A Dow Corning
SE1700 clear adhesive was purchased from Ellsworth
Adhesives. The two-part polydimethylsiloxane adhesive
was mixed with 10:1 part A:B by weight ratio. Typically,
we mixed 10 grams of SE 1700 part A and 1 gram of part
B with a spatula for 3 min. The material was then loaded in

a 5 cc syringe barrel (Nordson) and collected at the
extruder tip by manually pressing the piston until material
began to extrude. The barrel was then sealed with an end-
cap and centrifuged at 5400 rpm for 5 min. Excess air was
removed in a similar way after centrifugation. The endcap
was exchanged for a micronozzle (200l m ID, Nordson)
and the syringe was mounted to the z-stage of a three-axis
linear positioning system (Aerotech). The simple cubic
(SC) and face-centered tetragonal (FCT) architectures
were prepared on glass substrates mounted to the xy stages
of the positioning system. A positive displacement �uid
dispensing system (EFD UltimusV, Nordson) was attached
to the syringe barrel and supplied at a given pressure
(32.5 psi) to match the programmed print speed (5 mm/s)
for a 200l m ID dispensing tip. After aligning the tip to the
glass substrate, a numerical control program was executed
in the A3200 CNC Operator Interface Control software
(Aerotech) with simultaneous automation of the dispens-
ing system. Each build consisted of 11 layers with a �la-
ment center-to-center spacing of� 440l m for both SC
and FCT architectures with a total build area of 35 mm
� 35 mm. After printing the glass substrate along with
the part were transferred to an oven at 150� C for 24 h.
Each part was then detached from the substrate after suf�-
cient cooling at room temperature. Three targets were built
from each micro-lattice (SC and FCT) part. The micro-
lattice (� 2 mm� 35 mm� 35 mm) was cut into individual
targets (� 2 mm� 5 mm� 8.25 mm) and glued (Angstrom
Bond) to a PMMA window (3 mm� 5 mm� 8.25 mm)
with an 8 kA� Al �lm deposited on the surface. Next a
0.5 mm thick Cu impact plate was glued to the opposing
surface of the micro-lattice and the assembly was placed
in the target holder and glued. Finally, a piezoelectric
impact pin (Dynasen, Inc.) was incorporated in order
to synchronize the impactevent, the incident X-ray
beam, and the detectors. Identical targets were fabricated
for simple cubic, face-centered tetragonal and graded
architectures.

FIG. 5. Multi-frame dynamic x-ray
phase contrasting images of a graded
elastomer foam architecture with sim-
ple cubic (SC) and face-centered
tetragonal (FCT) structures. Shock
wave propagation is from left-to-right.
The shock front initially couples to the
SC structure to affect jet consolidation.
The coupling of the shockwave to the
structures then changes as the wave
propagates into the FCT structure,
forming a sinusoidal waveshape. The
PCI images demonstrate control over
the shock-driven �ow in a graded
structure over� 200l m.
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X-ray computed tomography

3D micro X-ray tomographic images were collected
(Fig. 1S of supplementary material). The images were
collected using a Carl Zeiss X-ray Microscopy Inc.,
Xradia Micro-CT (Pleasanton, CA). The instrument uses a
Hamamatsu microfocus X-ray source with a tungsten anode
that was operated at 50 kVp, 10 W of power. The source
shines a cone beam of X-rays through the sample, which is
absorbed based upon the electron density of the material.
The X-rays impinges upon a scintillator, is magni�ed by the
2� microscope objective, and is imaged by the 2 k� 2 k,
piezo electrically cooled camera. The camera was binned
by 2. The pixel size at the sample was 9.08l m. 1261 radio-
graphs with an exposure time of 20 s each were collected, as
the sample was rotated 184� . The radiographs were then
reconstructed (Fig. 1S ofsupplementary material) using
TXM reconstructor (Carl Zeiss X-ray Microscopy Inc.) and
then rendered using Avizo 9.0.1 (FEI Visualization Sciences
Group, Burlington, MA).

Impact experiments

Shock waves were generated in the micro-lattice foams
using the IMPact system for Ultrafast Synchrotron
Experiments (IMPULSE) located at Sector 32 ID-B at the
Advanced Photon Source (Argonne, IL). Further details of
the experimental setup and timing along with the X-ray
imaging techniques are described previously.17,23,24,38,39

Projectiles with copper impactors were accelerated down the
gun barrel to impact the foam target located in an evacuated
target chamber (< 100 mTorr) positioned in the X-ray beam.
After impact, a shock wave propagates through the micro-
lattice foam. X-ray imaging was used to obtain time-
resolved images of the shock wave propagating through each
respective micro-lattice (supplementary materialMovies
1 S–3 S) with a 2–3l m spatial resolution for impact veloci-
ties approximately at 0.7 mm/l s. During the experiment,
X-ray bunches (25 keV) with a 80 ps width and spaced
153.4 ns apart interacted with the foam sample and then illu-
minated a LuAg scintillator converting to visible light. The
visible light was optically coupled to four independent image
intensi�ed charge coupled device (ICCD) detectors.
Photonic Doppler Velocimetry (PDV) probes were used to
measure projectile velocity and the free-surface velocity of
the copper impact plate. A 0.8l m Al re�ector was coated on
the PMMA window at its interface with the micro-lattice
foam. Particle velocity wave pro�les were obtained by using
the mirrored Cu and the Al re�ector to record the Doppler-
shifted light from the Cu impact plate and the PMMA/foam
interface, respectively (Fig. 2S ofsupplementary material).
Raw PDV data are shown for the simple cubic architecture
in Fig. 3S (supplementary material) along with the respective
spectrogram.

Finite element simulation

The shock experiments were modeled using the com-
mercial Finite Element Method (FEM) simulation code
ABAQUS (Fig. 4S of supplementary material) and the

material density is shown in Figs. 5S (SC) and 6S (FCT)
(supplementary material). In Lagrangian form, ABAQUS
solves mass, momentum, and energy conservation, respec-
tively, as

qJÞ: ¼ 0; q_t ¼ div r ; _e ¼ � div q þ tr r Dð Þ;
�

(1)

whereq is the mass density,e is the internal energy,t is the
velocity, D is the rate of deformation,r is the Cauchy stress,
J is the determinant of the deformation gradient, andq is the
heat �ow. The superimposed dots indicate the time deriva-
tive (the substantial derivative). For the shock experiments
investigated here, heat transport is negligible and thusq ¼ 0:
The material response is characterized in terms of deviatoric
(shear) and the volumetric (pressure) response byr ¼ s
þ p I, wheres is the deviatoric stress,p is the pressure, and
I is the identity tensor. The volumetric response was deter-
mined using a Mie–Gr uneisen Us-Up equation of state
(EOS). Material parameters came from the work of Winter
et al.30

p ¼
q0c2

sg
1 � Sgð Þ

1 �
Cg
2

� �

þ CE; g ¼ 1 � q0=q; (2)

whereC is the Gr uneisen parameter,E is the internal energy,
cs is the intercept of the shock velocity (Us) vs. particle
velocity (Up), andSis the slope in the Us-Up equation.

For the deviatoric response a Maxwell viscoelastic
model was used, and parameters (Table 1S ofsupplementary
material) for that model came from extensive work done at
Los Alamos on the silica-�lled polymer, Sylgard 184

TM

. The
actual material is proprietary. The total deviatoric stress is
given by

_s ¼ 2l 0 _e � _evð Þ; (3)

wherel 0 represents the instantaneous shear modulus,_e the
deviatoric strain rate, and_ev the deviatoric viscous strain
rate. Equations(1)–(3) were solved incrementally in time
with an ABAQUS user-de�ned constitutive model.

Areal density reconstruction

The areal density was reconstructed for representative
frames of PCI images for the SC and FCT architectures and
contour plots are shown in Fig. 7S (supplementary material).
Dynamic x-ray phase contrast imaging (PCI) relies on spatial
gradients in the refractive index of an object to produce image
contrast. Spatial variations in the phase led to local curvature
in the transmitted x-ray wavefront, causing overlap and inter-
ference as the wave propagates. The image formation process
for PCI can be simulated using the Fresnel diffraction integral
in the paraxial limit, as well as knowledge of the complex
index of refraction for the object, the x-ray beam spectrum
and divergence, as well as the detector spectral response,
resolution, and pixel size.33 For a single material in the limit
for a thin object, both the absorption and phase delay are
related to the projected thicknessT x; yð Þintegrated through
the object along the propagation directionz. For a complex
index of refractionn ¼ 1 � d þ ib, the intensity is attenuated
just past the object according to Beer’s law of absorption,
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I0e� l T x;yð Þ, whereI0 is the uniform intensity of the incident x-
rays, and the absorption per unit length isl ¼ 4pb=k. The
phase delay can be written asu x; yð Þ¼ 2p=kð ÞdT x; yð Þ.
Using the transport of intensity equation,40 which describes
changes to the intensity of a scalar wave as it propagates,
Paganinet al.35 solve for the projected thicknessT x; yð Þusing
discrete Fourier transforms

T x; yð Þ¼ �
1
l

ln F � 1 l
F I x; yð Þ=I0

� �

zdjk? j2 þ l

( ) !

; (4)

whereFf g ; F � 1f g are the discrete Fourier transform and
inverse transform,k? is a vector of the spatial frequencies
corresponding to transform coordinates ofx; y. A fast
Fourier transform (FFT) algorithm is implemented using
the Interactive Data Language (IDL), and the arrayI x; yð Þ
corresponding to the measured intensity is padded to
decrease the step sizedk? in order to have suf�cient accu-
racy for large propagation distancesz. The areal density is
simply q0T r?ð Þ, whereq0 ¼1.13 g/cm3 is the initial density
of Sylgard 184. While the material composition is proprie-
tary, the composition of Sylgard has been estimated as
30.9% wt. C, 7.4% wt. H, 37.8% wt. Si, and 23.9% wt. O,
and is used to compute the complex index of refraction.41

Ideally the incident intensityI0 is uniform, but is measured
to be slowly varying in spaceI0 x; yð Þ, and is �t to a low-
order 2-dimensional polynomial. To test the accuracy of
retrieving the areal density, DPCI images of synthetic phan-
tom objects of varying size, shape, and thickness were sim-
ulated using the x-ray beam parameters and detector
resolution found in the experiment. Fresnel propagation
in the paraxial limit using the angular spectrum method
was used to simulate wave propagation,33 including absorp-
tion, refraction, and diffraction, for the synthetic phantom
objects. Varying levels of noise were included in the
simulated images, and the retrieval algorithm was found
to be robust, as expected, since the TIE propagator effec-
tively �lters the intensity image for increasing spatial
frequencies asjk? j2. For the same reason, the TIE is a
geometric optics approximation (no diffraction) valid for
high Fresnel numbersNF ¼ 1= k2

? kz
� �

� 1, such that
suf�ciently small objects and sharp features withk?ð Þ� 1

< 3 � 5
�����
kz

p
are blurred after retrieval, and are systemati-

cally underestimated by up to 25% for features smaller than
� 40-l m. The areal density of synthetic objects and features
of 100-l m scale and larger are retrieved with 5% accuracy
for noise levels of 2% as found typically in the
experiments.

SUPPLEMENTARY MATERIAL

Seesupplementary materialfor the x-ray tomographic
images of the elastomer architectures studied here with rep-
resentative PDV data corresponding to the ICCD detector
timing and the resulting PDV spectrogram for a single shot.
More complete deformation results from �nite element simu-
lations and areal density analysis are shown in thesupple-
mentary materialfor SC and FCT structures including the
viscoelastic properties used for calculations.
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Supplementary Material  

3-D printed polymer architectures were prepared in simple cubic (SC) and face-

centered tetragonal (FCT) layer symmetries from a polydimethylsiloxane adhesive 

elastomer using a direct ink write method and characterized with x-ray computed 

tomography as shown in Figure 1S. Shock compression experiments used photonic 

Doppler velocimetry (PDV) and in situ X-ray phase contrast imaging to measure shock 

states in the elastomer foam. Figure 2S shows the timing of the recorded PDV traces (Cu 

breakout (red) and Foam breakout  (blue)) with respect to the camera trigger times 

(black). The raw PDV traces are shown in Figure 3S and the wave arrival times were 

taken from these traces.  

 The shock compression experiments were modeled using the commercial 

Finite Element Method (FEM) simulation code ABAQUS. Relevant material parameters 

are shown in Table 1S for the simulations performed here. The complete deformation 

sequence for each structure are shown in detail in Figure 4S and 5S. Further, areal density 

calculations were performed on the phase contrast images and the contour plots are 

shown in Figure 6S for both architectures.  



 

Figure 1S. 3D micro X-ray tomographic images for the simple cubic (top), face-centered 

tetragonal (center) and graded (bottom) elastomer architectures that were then built into 

targets for impact experiments. 

 

  

 

 



 

 

Figure 2S. The ON and OFF state of the ICCD detector for each frame (right axis) is 

shown with respect to the corresponding PDV data. The particle velocity (left axis) is 

plotted versus time. Following shock arrival due to built in PZT pin delay, two distinct 

velocity histories were recorded, first the free surface velocity of the Cu (red) followed 

by the free surface velocity of the PMMA/foam interface (blue). The resulting PCI 

images are shown with respect to the frame rate. 



 

Figure 3S. Raw PDV data is shown for the simple cubic geometry (shot IMP-15-076) 

being impacted at 0.721 mm/µs. Multiple wave analysis was performed in Lagrangian 

coordinates with the arrival time of the elastic shockwave determined by the recorded 

shock arrival at the copper interface (top, red) and arrival time at the rear-windowed 

PMMA/foam interface (bottom, blue). Similarly the plastic shockwave velocity was 

calculated assuming an arrival time at approximately ! the rise time of the PDV 

spectrogram at the PMMA/foam interface (right). 



 

 

 

Figure 4S. Deformation sequence of SC structure. A local average density of ! !

! !!" !! ! !" !  was observed in the jets and the maximum compressive density in the struts 

was  ! ! ! !! !! ! !" ! . 

 

 



  

 

Figure 5S. Deformation sequence of FCT structure.  



     

Figure 6S. Contour plots of areal density for SC (A) and FCT (B) elastomer foams. 



 

Table 1S. Viscoelastic Maxwell model shear moduli and relaxations times used in the 

simulations. 

N 0 1 2 3 4 5 6 7 8 9 10 11 12 
Gn x10-4 
(Mbar) 

0.48 0.07 0.45 0.74 0.8 0.83 1.43 0.2 1.35 1.78 2.3 3.2 3.8 

t (ms)  109 108 107 106 105 104 103 102 101 1 10-1 10-2 
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ABSTRACT 
The propagation of shocks through additively-manufactured (AM) polymeric structures containing multiple length scales of 
engineered porosity is studied both experimentally and computationally.  In this study, a single-stage light gas gun is used to 
impact cube-shaped specimens, 40 mm on a side, instrumented with photon Doppler velocimeter (PDV) light probes to 
capture free surface velocities and side-looking high-speed video to capture deformation history.  A combined Eulerian-
Lagrangian finite element (FE) model has been developed which reproduces the majority of the observed experimental 
trends, based on an independently-measured shock Hugoniot for the bulk AM polymer.  After initial calibration, the FE 
model has been used to suggest candidate geometries for experimental investigation, based on the desired shock response.  
Geometries for structurally -efficient shock mitigation have been investigated.  In a separate set of experiments, miniature (6 
mm x 6 mm) square specimens have been impacted at the Dynamic Compression Sector at the Advanced Photon Source 
(APS), and imaged using x-ray Phase Contrast Imaging (PCI).  This technique gives strong evidence for the propagation of 
discrete shocks within the engineered foam structures, in agreement with our models. Keywords: shock, porous, fractal, 
additive manufacturing, polymer. 

INTRODUCTION 
Dissipative phenomena in nature often exhibit hierarchical or multi-scale structures.  For example, consider the three 
structures in Figure 1 below, which shows the responses of different materials corresponding to the dissipation of (a) 
volumetric strain energy Ð the desiccation cracking of mud[1]; (b) electrical potential energy Ð a Lichtenberg figure[2], and (c) 
elastic strain energy Ð small-caliber bullet penetrating a glass sheet[3].  In each case, the resulting structure comprises multiple 
length scales, arranged in a hierarchical fashion.  This is so much the case that it is often unnecessary to include scale bars on 
these figures, since the structures repeat at finer and finer scales Ð this is the essence of fractal[4] geometry. 
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The example of the Lichtenberg figure is particularly representative in that dissipation of electrical energy is clearly from top 
to bottom in the figure.  As the energy is dissipated, more and more branches are created that are at finer and finer length 
scales.  It is specifically this kind of geometry that we hypothesize would be useful for shock wave mitigation if engineered 
directly into the material itself.  The 3-D fractal geometry that we chose to investigate is called a Menger sponge[5,6], 
examples of which are given below in Figure 2.  This mathematically defined hierarchical structure is developed iteratively 
by removing successive prismatic volumes from a solid cube, where each iteration is 1/3 of the size of the previous one, until, 
in the mathematical limit, the structure has zero solid volume and infinite surface area.  Figure 2 shows the 1st, 2nd and 3rd 
iterations of the Menger sponge, with solid volume fractions of 0.741, 0.549 and 0.406 respectively.  In general, the variation 
of solid volume fraction is given by v = (20/27)i where i = iteration number.   

!
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It is important to note that Menger sponges are geometrically different from typical lattice-based foams[7] in that they have a 
different mathematical relationship between their surface area (S) and volume (V).  Figure 3 below, shows the variation of 
the surface area to volume ratio, ! !K!LMN< as a function of specific volume (1/" ) for a Menger sponge, compared to the same 
parameter calculated for two different closed-cell foams based on space-filling tetrakaidecahedra.   
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Significant differences between the fractal and lattice-based foams, especially at high and low specific volumes, suggest that 
the compressive deformation of these hierarchical structures (including their pore collapse) will follow different dynamics 



than lattice-based structures, resulting in differences in their shock propagation behavior and therefore providing motivation 
for the current study.  

EXPERIMENTAL 

Additive Manufacturing 

For the plate impact experiments, we chose to print 2-D versions of the Menger sponges, where prismatic volumes were 
successively removed only from one face which contained the impact direction.  In this way, we could confine the 
experiment to mainly planar strain conditions, which greatly simplified both the numerical modeling, and interpretation of the 
high-speed video of the deformation.  These 2-D structures are called ÒprismaticÓ sponges to differentiate from the 3-D 
Menger sponges shown above. For 2-D prismatic sponges, the variation of solid volume (v) with each iteration is given by v 
= (8/9)i where i = iteration number.  2-D sponge geometries were additively manufacturing utilizing two different techniques; 
both with photopolymer resins.  The first additive manufacturing technique used was polyjet performed by a Stratasys 
Objet260 Connex 3.  This printer jets photopolymer resin from several small orifices onto a substrate or previous layer and 
quickly cures the resin with UV light.  Digital ABS material was selected as the model material for its ABS-like mechanical 
properties and plasticity.  This material is produced by combining two proprietary photopolymer resins designated RGD515 
and RGD531, with a matte surface finish.  

In addition, two-part LANL wedge specimens[8] were printed for shock Hugoniot measurements of the digital ABS material.  
Details of these measurements are included in the next section, and elsewhere[9].  A number of different 2-D prismatic 
Menger sponge geometries were printed on the Stratasys Objet260 Connex 3.  The first was a cubic geometry measuring 40 
mm on each side.  Five fractal iterations were also printed ranging from 1st-order to 4th-order as shown in Fig. 4(a).  The 
practical resolution limit of this printer is around 200 !m.  The 0th-order (cube) served as a reference specimen for shock 
wave traversal time in the solid material, and for and calibrating the materialÕs spall strength Ð see ÒModelingÓ below.  A 
second geometry measured 40 mm in length and depth, but only 13.33 mm (40/3 mm) in width, in order to avoid the 
influence of the specimen edges on the back-surface motion during the experiment[11].  Two fractal iterations were printed 
using the 13.33 mm geometry; 1st-order and 2nd-order (Fig. 4(b)).  The 0th-order (solid) was omitted because shock speeds 
were not expected to differ significantly from those in the 40 mm cube.   
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The second additive manufacturing technique utilized in specimen fabrication was digital light projection (DLP) Ð a form of 
stereolithography (SLA).  DLP printing was performed with an Autodesk Ember printer.  In this technique, a UV light 
reflects off a digital micromirror which orients to produce a 2D image of the current layer being printed.  The image is 
projected into a photopolymer resin bath, curing the resin.  In this way, an entire layer is printed at once.  The build head then 
lifts up by one layer height creating a gap filled by fresh resin for the next layer.  The printer can maintain a high resolution 
of 50 !m in-plane and 10 !m out-of-plane.  The high resolution of the printer enabled the printing of prismatic Menger 
geometries measuring 6 mm x 2 mm x 6 mm required for the x-ray phase contrast imaging (PCI) experiments.  These were 
printed with standard clear PR48 acrylate-based resin from Colorado Photopolymer Solutions.  Fractal geometries of the 1st 
and 2nd iterations were printed as shown in Fig. 4(b).  The printer was able to resolve 2nd order channels measuring 222 !m, 
albeit somewhat inconsistently.  Surface tension and capillary forces combined with scattering of UV light caused curing of 
resin in some of these channels.  A large batch of specimens was printed to obtain enough specimens with clear channels for 
high rate impact experimentation.   



High Rate Impact Testing 

Plate Impact Testing at AFRL/RWMWÕs HP3 facility 

Two different plate impact experiments were carried out at AFRL/RWMWÕs HP3 gun impact facility, in order to (i) measure 
the solid printed ABS materialÕs shock Hugoniot and obtain an accurate UsÐup relationship for use in FEA models, and (ii) to 
obtain high speed video of the shock deformation of specimens with different levels of engineered porosity, comparing 
fractal and regular grid geometries.  All Hugoniot experiments were performed using a symmetric impact configuration.  A 
60 mm single-stage powder gun and 4Ó gas gun (wrap around breech) were used to accelerate printed ABS impactors to high 
velocities, producing nominally planar shockwaves in printed ABS double-wedge[8] type targets upon impact.  Embedded EM 
gauges (of the LANL type)[9] were used to measure particle velocities (up) and shock velocities (Us) as a function of depth 
within the specimens.  In addition, photon Doppler velocimetry (PDV) was employed on the back face of each specimen in 
order to measure the particle velocity of this surface.   

For the second set of experiments, it was hoped that the high speed video could be used to show qualitative agreement 
between the experiments and the models.  For quantitative comparisons, photon Doppler velocimetry (PDV) was employed 
on the back face of each specimen, and compared with nodal displacements vs. time from the simulations.  The specimens 
were sputter coated with a thin layer of Al to aid with reflectivity during the PDV experiments.  Video was obtained at 
5,000,000 frames per second, using a Xenon flash lamp for illumination.  An exposure time of 100 ns was sufficient to avoid 
blurring of the images.  Figure 5 below shows the experimental set-up.   

!

!"#$%.!!L2#+./-&2!$*!-#+!+R1+,&.+'-/0!2$'*&(3,/-&$'!*$,!10/-+!&.1/2-!+R1+,&.+'-"!$*!+'(&'++,+)!*$/.!"1+2&.+'"!4GD!..!
23=+"! /')!GD!..TGD!..T:@E@!..! "0/="5!&'2$,1$,/-&'(!#&(#P"1++)!6&)+$!/-!B<DDD<DDD!*,/.+"!1+,!"+2$')! /')! *$3,!UVN!
1,$=+"!4S<!SW<!X<!W5!$'! -#+!=/28!"3,*/2+!$*!-#+!"1+2&.+'E!!Q#+!"1+2&.+'!&"!.&'&./007!20/.1+)!&'! -#+!*&R-3,+!-$! .&'&.&J+!
+)(+!+**+2-"!*,$. !-#+!20/.1"E!!

Phase-Contrast Imaging Techniques at Advanced Photon Source 

Shock compression of AM polymer foams combined with real-time phase contrast imaging (PCI) and photon Doppler 
velocimetry (PDV) were examined by impact experiments conducted at the Dynamic Compression Sector (DCS) using the 
IMPact system for the ULtrafast Synchrotron Experiments (IMPULSE). This unique capability at the Advanced Photon 
Source (APS) allowed a more detailed understanding of the wave dynamics as a result of porosity. The foam (2mm x 6mm x 
6mm) was epoxied (Angstrom Bond) to a PMMA window (3mm x 6mm x 6mm) with a 0.8 µm Al mirror deposited on the 
foam/PMMA interface. A 1.0 mm thick Cu (OFHC-Cu ) impact plate was affixed to the opposing surface of the micro-lattice 
sample to act as a drive plate and the assembly was secured to a target holder. Polycarbonate projectiles faced with Cu 
impactors were accelerated at 0.303 km/s using a single stage powder gun resulting in a pressure of 0.98 GPa.  Figure 6 
shows a schematic of the experimental configuration for transmission PCI with the gun oriented perpendicular to a series of 
80-ps width X-ray bunches (E=25 ± 0.9 keV, "=0.5386 •) spaced 153.4 ns apart transmitted through the AM polymer foam 
(inset) and detected using a LuAg:Ce (Lu3Al 5O12:Ce) scintillator optically coupled to four independent image intensified 
charge coupled device (ICCD) detectors (Princeton Instruments) to provide 4 to 8 X-ray images per experiment[11-13]. 
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MODELING 

Finite element modeling was performed using Abaqus/Explicit. Models have multiple contacting bodies, with flyer plates and 
anvils modeled as Lagrangian regions and a target lying in between the flyer and anvil modeled as an Eulerian region.  
Modeling practices followed standard Abaqus guidelines[14].  First-order, reduced integration hexahedral elements are used in 
Lagrangian regions.  First-order multi-material, reduced integration hexahedral elements with hourglass control are used in 
Eulerian regions.  Second-order advection is used in all Eulerian regions.  All materials are modeled as isotropic.  Boundary 
conditions representative of geometric symmetry are used wherever appropriate.  Eulerian-Lagrangian contact is used at part-
to-part interfaces, with a fiction coefficient of 1.0.   

Constitutive Model 

Constitutive models for materials used in the FEA utilize an elastic-plastic model for deviatoric response and a Mie-
GrŸneisen equation of state (EOS) for dilatation response.  Parameters for the material models are listed in Table 1.  For the 
printed acrylonitrile butadiene styrene (ABS) material, the EOS parameters were developed based on the plate impact testing 
at AFRL/RWMW[15] and were found to be reasonably-well represented by equation [1] below: 

 Us = 2.40 +1.81up [1] 

Shear modulus and yield strength were estimated based on values in the literature[16,17].  Spall strength was selected to match 
the predicted back-face velocity predicted by models with the velocity measured in testing of solid cubes.  For the 
poly(methyl methacrylate) (PMMA) material the EOS parameters were adapted to the linear UsÐup relationship used in the 
Mie-GrŸneisen implementation in Abaqus based on quadratic model parameters from Ref.[18].  The shear modulus and yield 
strength were extrapolated to 5000/second rate based on response from lower rate testing[19].  For the 7075-T6 aluminum the 
parameters are all based on data from Ref.[18]. 
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Property Units Printed ABS PMMA  
7075-T6 

Aluminum  
Density gm/cm3 1.173 1.190 2.804 
Elastic shear modulus MPa 1350 2200 26700 
Yield Strength MPa 105 290 420 
Spall Strength MPa 200 - - 
EOS - Reference sound speed, c0 m/s 2400 2210 5200 
EOS - slope, s - 1.81 1.82 1.36 
EOS - GrŸneisen ratio, #0 - 1 0.85 2.2 



RESULTS 

Correlation Between AFRL/RWMW Impact Testing and FEA Modeling 

Printed ABS cubes, 40mm on each side, were normally impacted at the AFRL/RWMW impact facility at nominally 500 m/s 
by a PMMA disk epoxied into the front of an aluminum projectile.  Dimensions for the test and for the model are shown in 
figures 5 and 7(a), respectively.  Both video, captured at 5,000,000 frames per second with 100 ns exposure time per frame, 
and velocity of the back face at four locations were measured.  Back-face velocity data were acquired at the four locations 
shown in Fig. 5 using photon Doppler velocimetry (PDV).  Tests were conducted on the four configurations shown in Fig. 
7(b).   

The measured PDV data were used for correlating with FEA.  The FEA model used the procedures described above.  
Element sizes were on the order of 0.5 mm.  Symmetry conditions were used to reduce the model to $ of the geometry 
shown in Fig. 7(a).  Because the targets are modeled as Eulerian regions, the back-face location is not well-defined. To 
determine back-face velocity from the FEA model, output was requested for lines of nodes parallel to the X-axis at the 
appropriate Y- and Z-coordinates of each PDV location.  Velocities were determined from based on the most-positive nodal 
location which had a nonzero velocity.  

Measured velocities for the solid cube and 3rd order Menger configuration are shown in Figs. 7(c) and (e), respectively.  FEA 
predicted velocities for the same two configurations are shown in Figs. 7(d) and (f).  Good agreement is observed between 
the predictions and the measured data.  The data indicate that a true shock is transmitted by the solid cube, while a ramp wave 
reaches the back face for the 3rd order Menger cube.  Not shown are results for the 1stÐorder Menger cube, for which the PDV 
traces indicate a shock reaches the back face with lower amplitude than that for the solid cube, and results for the 2ndÐorder 
Menger cube, for which a ramp wave is observed at the back face with a steeper slope than observed for the 3rdÐorder Menger 
cube.  In both cases, the model agrees well with the measured data. 
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Phase Contrast Imaging (PCI) Results 

The figure below (8) shows the results of a representative impact experiment carried out at the Dynamic Compression Sector 
(DCS) at the Advanced Photon Source (APS), under PCI conditions.  A copper flyer plate impacts the 2nd-order fractal 
specimen from left to right in the figure, at 0.303 km/s.  The field of view is 1.7 mm2.  Each frame is a subsequent time step 
(153.4 µs), showing (a) the propagation of a planar shock wave through the smaller voids, (b) curvature of the shock front as 
it interacts with the free edges of the larger void, and (c) exit of the curved shock from the back edge of the larger void. 
Previous work has shown shock modulation in lattice foam structures[20], but this is the first experimental evidence of local 
planar shocks propagating in fractal foam structures.  
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Similar structures were observed in 2-D FEA models, as shown in Figures 9(a-c) below, on which are plotted contours of 
non-zero velocity (lab reference frame) for various time steps during the simulated impact experiment.  However there are a 
number of important differences, including the dynamics of pore collapse and the generation of release waves from the 
rearward-facing surfaces of the pores.  Release waves are not generally seen in the experiments with the possible exception of 
the large central pore in Fig. 8 (c) annotated with a dotted arrow.  Quantitative discrepancies between model and experiment 
are most likely due to inadequacies of the material model, including viscosity and other non-linear effects. 
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DISCUSSION 

The reasonable correlation between the FEA model and the experimental results for the 40 mm cube specimens provided 
justification for an extensive modeling campaign to explore different fractal and non-fractal (regular) geometries under planar 
impact, both in the 40 mm and 13.3 mm specimen thicknesses.  It was found to be far more efficient to investigate these 
different geometries via modeling than by experiment, choosing to experimentally validate only the more promising cases.  
Over 100 different geometries, with various solid volume fractions and different arrangements of pores were investigated in 
this way, which would have been highly impractical if carried out experimentally.  The following section highlights some of 
the more interesting results from these modeling runs.   

Variation of Anvil Contact Pressure with Specimen Geometry 

To assess the ability of these engineered foam geometries to attenuate shocks, a series of analyses was performed using the 
FEA procedures described previously with material properties from Table 1.  The configuration assessed is illustrated in Fig. 
10(a).  A PMMA flyer impacts the ABS target, which is in direct contact with a thin layer of PMMA that is backed by a stiff 
object.  A single layer of elements in the Z-direction is modeled, with Z-direction constraints imposing plane strain 
conditions.  Symmetry constraints are imposed on Y-normal sides of all parts.  These constraints result in the model 
representing a flyer, target, and anvil of infinite dimension in the Y- and Z-directions, with finite thickness in the X-direction.  
The flyer and anvil are modeled as Lagrangian regions, with an element size of 0.2 mm.  The target is modeled as an Eulerian 
region, with element sizes ranging from 0.2 to 0.1 mm, depending on the size of features in the voids. Frictionless contact is 
assumed. 

A series of targets was assessed to determine contact pressure between the target and anvil.  Targets ranged from completely 
solid ABS material to open grid with less than 50% solid material.  Open areas in the targets were modeled as empty voids.  
Void regions in the targets were either fractal patterns of square or circular regions or were regular grids of square voids. 

Time histories of contact pressure were computed by the model, spatially averaged over the entire contact surface.  The peak 
pressure, which generally correlated to the time at which all voids collapsed, were used as the metric for comparing 
configurations.  Results are illustrated in Fig. 10(b).  All configurations with voids had a lower peak contact pressure than a 
solid target.  At any level of solid material volume fraction, the reduction in peak contact pressure for fractal foam target is 
greater than that for a regular grid target. These results provide some indication that fractal geometries may be more efficient 
at mitigating shock waves due to impact than other void geometries.  Assessment of additional target configurations would 
need to be performed to ensure that there other void patterns are not more efficient at mitigating shock waves passing through 
a target.  In addition, neither the thickness nor the velocity of the impactor was varied during the modeling runs, rather the 
impact conditions were fixed.  It is possible that these engineered foam structures would be less effective at mitigating longer 
pressure pulses.  These considerations will be included in future studies.   
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Moreover, the typical nature of the pressure rise on the anvil face suggests a ramp wave propagating in the foam specimens, 
rather than a shock wave, giving further evidence for shock mitigation in these structures rather than shock propagation.  At 
some distance from the impact face, the incident shock wave is attenuated down to a ramp wave which generates a rising 



pressure pulse on the fixed anvil, the maximum of which is plotted in Figure 10(b).  When quantified in this manner, it is 
interesting to note that at a volume fraction of ~0.9, both the regular grid and fractal foam specimens show the same level of 
shock attenuation (roughly 50%).  It is only at volume fractions ~ 0.8 and below that the fractal foams exhibit greater shock 
attenuation than the regular grids, suggesting their suitability as low-density shock absorbing structures.  

An additional metric to consider is the time taken for the pressure disturbance to transit the specimen (td), compared to the 
transit time for the shockwave in the solid ABS material (ts).  For a specimen length L, ts = L/Us, therefore for the 40 mm 
solid cube specimens, we predict ts = 14.0 µs, using Equation (1) with up = 0.250 km/s.  In figure 11 below, U* = L/td is 
plotted vs. volume fraction of ABS for various fractal and regular foam structures.  Also plotted on the figure are curves for 
the p-alpha[21] and Thouvenin[22] models for porous solids.  The p-alpha curve was obtained via FEA numerical simulations, 
using reasonable guesses for the pore compaction behavior.  ThouveninÕs analysis is a 1-D analysis based on parallel plates 
with thicknesses and separations which provide the same overall volume fraction as the porous material.  In this instance, the 
agreement with the FEA data is poor.  This is most likely due to the inherently 2-D nature of the problem compared with the 
1-D analytical model.  Agreement with the p-alpha model is much better, especially for low porosities.  As the porosity 
increases towards 50%, however, it is clear that the fractal foams demonstrate much lower disturbance velocities than the 
regular grid structures. 
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Experimental data from plate impacts are also plotted in Figure 11.  Although only limited experimental data are available for 
the regular grid geometries, it can be seen that there is very little difference in effective velocity at a volume fraction of 0.89 
(geometry shown on right) which corresponds to that of the 1st-order Menger sponge.  This is not surprising since the 
hierarchical geometry of the fractal foams only becomes apparent at higher fractal orders.  Also apparent in these data are 
systematic reductions in experimental velocities from the predicted velocities.  This is primarily due to material viscosity and 
other non-linear effects such as relaxation[23] that are not captured in the FEA model, combined with experimental challenges 
for accurately measuring disturbance transit times. For example, the vertical error bars reflect the uncertainty in determining 
the exact time of impact from the high-speed video data.  

The results presented above suggest that there may be reductions in both the speed and the pressure of a disturbance exiting 
the back face of the fractal foams as compared to a regular (lattice-based) foams at the same volume fraction.  Although 
figures of merit such as these can be subjective, and depend strongly on the loading and boundary conditions, it is possible 
that fractal foams may offer some advantage for shock mitigation over regular lattice structures. Furthermore, since such a 
structure might also be asked to be statically load-bearing, the increased second moment of area of the fractal geometry Ð due 
to increased mass of material at a distance from the neutral axis Ð would also be a benefit, especially for structures loaded 
under in-plane bending.   



CONCLUSIONS 

The results of the current study suggest that there is an effect of pore geometry on the propagation of compression waves 
through polymer specimens with engineered porosity.  The ability to accurately manufacture 3-D printed objects for use in 
dynamic impact experiments is clearly an enabler for this kind of study, wherein multiple different geometries can be quickly 
printed and tested for their impact response.  In order to rapidly increase the knowledge base of how engineered foams might 
respond to shock impact, finite element modeling was used in conjunction with the experimental plate impact testing, at a 
ratio of 10:1 models to experiments.  In order for this approach to be useful, a careful set of experiments was conducted to 
measure the shock Hugoniot of the solid printed material, allowing calibration of the finite element model.  Once established, 
this finite element model can be used to screen hundreds of potential geometries for their shock response.  Furthermore, this 
approach would lend itself to any one of the available numerical topological optimization schemes, contingent upon the 
development of suitable and rigorous optimization parameters.  From the current study, it is suggested that parameters such 
as anvil contact pressure or disturbance velocity could be useful, as these both depend on lower-order microstructural details 
such as volume fraction of solid as well as higher-order features such as hierarchical arrangement of pores vs. simple lattice 
structures.  In this regard, it was demonstrated that hierarchical (i.e. fractal) foams behaved more efficiently as shock 
mitigation structures than did lattice structures, however, the precise origins of their dynamic response have yet to be 
determined.  For example, it has not yet been established whether pore size and spacing have to be of a geometrically fractal 
nature, or simply polydispersed.  Furthermore, it may be that the maximum ligament size, regardless of whether the geometry 
is fractal, governs the chosen figures of merit, and the influence of loading duration on disturbance transit time has yet to be 
established.  Further experiments are planned in this direction, including the use of PCI under impact conditions to determine 
whether directionality of shock response can be engineered into these kinds of structures, i.e. the generation of Òshock diodeÓ 
characteristics where the propagation of true shocks can be accomplished in one direction but not in the opposite direction.   
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Hierarchical assembly has long existed in nature (bone, cork, abalone shell etc.) and 

results in unique material properties. More recently, hierarchical assembly exists through 

the deposition and controlled porosity of a parent material through additive 

manufacturing (AM) (1, 2).  Periodic porous structures assembled in a hierarchical 

manner have been shown to exhibit novel mechanical (3-6), electronic (7), and thermal 

properties (8).  Structural control in porous foams can be achieved at the nm-scale, 

through chemical and network structures, reinforcing fillers, and strut wall thickness of 

the individual cell ligaments, the mm-scale via the dimensions and organization of 

individual Òstruts,Ó and at the mm-scale through layer symmetries.  Using these 

approaches polymer-based foams have been realized which exhibit unprecedented 

stiffness-to-weight ratios, tailorable load-deflection responses, and novel ÒmetamaterialÓ 

properties such as negative Poisson ratios (ÒauxeticsÓ) under uniaxial quasi-static 

compression (9-16). AM by digital 3-dimensional (3-D) printing allows for layer-by-

layer fabrication allowing organization of strut and node topologies that may be used to 

control the mesoscale deformation mechanisms activated under load.  For example, 

modifying the deformation mechanism from bending-dominated, typical of stochastic 

open-cell foams, to stretch-dominated results in a substantial increase in the plastic yield 



stress, and buckling deformation threshold arising from the competing responses of 

bending/collapse and stretching of adjacent ligaments (17).  

For polymer foams there are studies describing the quasi-static mechanical 

responses being tailored by additive manufacturing (18), but there is limited 

understanding of the response of these materials under shockwave compression. In this 

proceeding, we illustrate how shockwave dynamics can be modulated and controlled at 

micron-length scales in periodic porous structures using in situ, time-resolved x-ray phase 

contrast imaging at the Advanced Photon Source.   

3-D printed polymer architectures were prepared from a polydimethylsiloxane 

adhesive elastomer using a direct ink write method. Samples comprised of 11 printed 

layers with strut diameters of ~220 µm. The struts are parallel to one another in the xy 

plane, the subsequent layer orthogonal to the first, and every other layer in the z-direction 

aligned at a graded spacing of 35 µm and gradually increasing to 200 µm . The print 

integrity of the micro-lattice samples (~2mm x 35mm x 35mm) was measured using x-

ray computed tomography (19) and is shown in Figure 1. 

 

Figure 1. Micro-x-ray computed tomography of the elastomer lattice structure.  

The 3D printed parts were trimmed into individual targets (~2mm x 5mm x 

8.25mm) and glued (Angstrom Bond) to a PMMA window (3mm x 5mm x 8.25mm) with 

an 8 k• Al mirror deposited on the foam/PMMA interface. A 0.5 mm thick Cu impact 



plate was glued to the opposing surface of the micro-lattice to act as a drive plate and the 

assembly was placed in the target holder and glued (Figure 2). Three photonic Doppler 

velocimetry collimated probes (AC Photonics) were directed to measure the incoming 

projectile velocity (u0, PDV 1 in Fig. 2), shock breakout into the foam at the Cu drive 

plate/foam interface (PDV 2, Fig. 2), and shock breakout and an interface particle 

velocity wave profile at the foam/PMMA interface (PDV 3, Fig. 2). Finally, the impact 

event was synchronized to the incident X-ray beam and the detectors through a PZT pin. 

 

Figure 2. Target configuration with PDV probe position shown schematically with inset 

relative to Cu, foam, and window.  

Impact experiments were conducted on the AM foams in order to generate a 

shock wave through the structure using the IMPact system for the ULtrafast Synchrotron 

Experiments (IMPULSE) of the Advanced Photon Source (Argonne, IL) coupled with X-

ray imaging to obtain time-resolved images of the shock wave interaction within the 

elastomer foam (20-22). X-ray bunches (E = 25 ± 0.9 keV, !   = 0.05 nm) of 80 ps fwhm, 

spaced 153.4 ns apart were transmitted through targets aligned to the gun launch tube exit 

interface, and detected using a LuAg:Ce (Lu3Al5O12:Ce) scintillator optically coupled to 
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four independent image intensified charge coupled device (ICCD) detectors (Roper 

Scientific), each with up to 2 frames collected during the experiment.  

Multi -frame, proton and x-ray sources have become important diagnostics for 

measuring shockwave dynamics due to their penetrating nature, and potential for high 

resolution, real time, in situ measurements of shocked material state, phase and wave 

dynamics. Dynamic x-ray phase contrast imaging (DPCI) synchronized to the < 100 ps x-

ray pulses of 3rd-generation synchrotrons (20) provides unprecedented mm-scale insights 

into shockwave dynamics and here, we apply DPCI to measure shock wave coupling to 

the AM foam architecture at the repetition rate of the 24-bunch mode of the synchrotron. 

We previously reported the advantages of this approach in reducing dimensionality and 

measuring shockwave compaction of an engineered micro-truss foam (18). DPCI 

elucidates the non-continuum wave dynamics and shock-driven compaction in this 

graded architecture.  

 

 

!"#$%&
'(#)*+*,#-&

!!"# $%#
&'(((#$)# &'!*(#$)# &'&!*#$)#

&'+,*#$)# &'*!-#$)# &',,-# $)#



 

Figure 3. Dynamic x-ray phase contrast images with corresponding times relative to 

impact of shockwave propagation and compaction phenomena in the graded foam 

architecture.  

 

The initial shockwave creates a non-planar stress localization of material to 

consolidate between the struts and ejection of the elastomer from the free surface of the 

filament closest to the Cu impact plate occurs. The ejecta promptly (<100 ns) 

consolidates between each strut, with larger spacing resulting in a more diffuse jet and 

smaller spacing confining the jet, creating higher density jet regions. Throughout the 

graded spacing the jets propagate at a higher velocity than the free surface velocity.  The 

non-uniaxial strain is increased with smaller spacing, causing the bulk compaction wave 

to propagate slightly ahead. As can be seen in Figure 3 (dashed line), due to the graded 

microstructure of the elastomer foam, we have modulated the shockwave to be non-

uniform across the front. This graded behavior of the shock wave can be seen at later 

times (4.883 µs) and is a direct result of the filament orientation within the elastomer 

foam.  

Between the second (4.271 µs) and third (4.427 µs) frame (~150 ns and ~200 µm), 

the large strains affect jet break-up and material disintegration as seen both in loss of jet 

integrity, as well as lower contrast due to loss of material.  The jet velocity Ujet = 1.633 ± 

0.033 mm/µs is more than 2 times faster than the bulk plastic wave speed Us,pl = 0.794± 

0.069 mm/µs.  

 



Tailoring material properties such as shockwave through induced microstructure 

provides a means to design and fabricate functional materials for applications where 

shock may need to be dispersed or dissipated depending on the design. This control will 

be useful in applications such as armor, space re-entry vehicle design, vibrational 

dampening in aerospace applications, just to name a few. The work described here shows 

the usefulness of 3-D additive manufacturing techniques in modulating shockwave 

dynamics at length scales where dynamic x-ray phase contrast imaging provided 

unprecedented insights into the behavior of elastomer foams.   
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